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B. S. Petukhov 

CONVECTIVE HEAT TRANSFER I N  
A HOMOGENEOUS MEDIUM 

The  following main  subjects  m a y  be singled out f rom the r epor t s  
presented: 

heat t ransfer  and fr ic t ion r e s i s t ance  under conditions of substant ia l  
changes in the physical p roper t ies  of the liquid and the gas  as a function 
of the temperature ,  with spec ia l  emphas is  on their  flow in pipes; 

heat t ransfer  and res i s tance  in sys t ems  of var ious geometr ical  shapes,  
mainly pipes and channels; 

convective heat t ransfer  under unsteady-state conditions; 
hydrodynamics and heat t ransfer  in je ts ;  
intensification of convective heat t ransfer  processes .  
Many of the r epor t s  deal with the problems of heat t ransfer  and fr ic t ion 

res i s tance  in the case  of liquids and gases  of var iable  physical propert ies .  
T h i s  includes r epor t s  on the heat t r ans fe r  and res i s tance  in turbulent gas  
s t r e a m s  a t  large tempera ture  gradients ,  and in trickling fluid 
s t r e a m s  at l a rge  heat loads. Of g rea t  in te res t  are r epor t s  on heat t ransfer  
in the supercr i t ica l  region (pa rame te r s  charac te r iz ing  the s ta te  of the 
substances) ,  both during forced turbulent flow in pipes and during f r e e  
convection. In that region, the physical p roper t ies  of the substances change 
very  markedly and uniquely as a function of tempera ture  and p res su re .  
For this  reason  the supercr i t ica l  region is especial ly  interest ing f o r  the 
study of heat t ransfer  a t  var iable  c r i t i ca l  propert ies .  

One of the r epor t s  presents  the development of a theoret ical  method fo r  
the calculation of the boundary layer  charac te r i s t ics ,  the res i s tance  and 
the heat t ransfer  during turbulent flow of a compress ib le  gas  in the inlet 
sect ions of f la t  widening channels symmetr ica l  to  the axis, and with a z e r o  
p r e s s u r e  gradient. It would be  of in te res t  to  compare  the r e su l t s  of such 
a calculation with experimental  resu l t s ,  and a l so  to  general ize  this method 
of calculation f o r  the case  of a longitudinal p r e s s u r e  gradient. 

In another repor t ,  a recent ly  developed method is used as the bas i s  fo r  
a theoret ical  calculation of the heat t ransfer  and fr ic t ion res i s tance  in the 
case  of carbon dioxide in the supercr i t ica l  region. The  r e su l t s  of the 
theoret ical  calculation (and the interpolation equation based on them) are 
in good agreement  with experimental  data. The  above papers ,  as wel l  as 
a number of other  pape r s  published in recent  y e a r s ,  show the advantages 
of applying the semiempir ica l  theory of turbulence in conjunction with 
appropriate  computation methods to  the solution of the complex problems 
of heat t r ans fe r  during turbulent flow. 

Nevertheless ,  the r e su l t s  of theoret ical  ana lyses  of turbulent flows 
should not be  regarded as rel iable  as those of laminar  flow. T h i s  i s  not 
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only because the theory of turbulence i s  semiempir ical ,  but a l so  because 
the theory has  been developed (and, to some  extent, verified by experiment) 
only for  the c a s e  of the s implest  types of isothermal  flow of noncompressible 
liquids. Nonetheless,  i t  should be applied if there  i s  a marked  change in the 
physical propert ies  of the fluid over  the flow c r o s s  section, or if the g a s  
compressibil i ty has  a marked  effect, or if a chemical react ion o c c u r s  in 
the flow, o r  if  other complex conditions exist .  In such c a s e s  we usually 
r e s o r t  to var ious hypotheses about the effect of the variable physical  
propert ies  ( the compressibil i ty,  etc. ) on the turbulent t ransfer  process .  
Thus,  for  example,  i t  is assumed that turbulent t ransfer  in the case  of 
variable p rope r t i e s  obeys the same ru les  a s  in the case  of constant 
propert ies .  T h e  effect of variable physical propert ies  on turbulent t r ans fe r  
is often allowed for  by the introduction of some generalized independent 
var iables ,  or by averaging the physical propert ies  over  the thickness of 
the laminar  sublayer.  Occasionally, the thickness of the laminar  sublayer  
is taken a s  a function of the temperature  factor ,  the Mach number,  etc.  A 
pr ior i ,  none of those hypotheses could be substantiated.  Often they lead to 
contradictory resu l t s .  The  validity or  applicability of any of those 
hypotheses may  be determined only by comparing the r e s u l t s  of the 
theoret ical  calculations with experimental  resul ts .  Of cour se ,  this r educes  
the value of the theoret ical  calculation, and makes  i t  necessa ry  to c a r r y  
out complicated and expensive experiments.  The study of the effect of 
var iable  physical propert ies  (compressibi l i ty ,  etc. ) o n  the cha rac t e r i s t i c s  
of turbulent t ransfer  should be regarded a s  an urgent problem. 

The  experimental  data reported in one of the papers  on heat t ransfer  
during the flow of g a s e s  in pipes show that in the case  of heated mono-, di- ,  
and t r ia tomic gases ,  the heat t r ans fe r  i s  inversely proportional to the 

I squa re  root  of the t empera tu re  factor  Th i s  conclusion is in agreement
Ti 


with the r e s u l t s  of the theoret ical  analysis and of previously published 
experimental  data. However, m o r e  recent  pape r s  show conclusively that 
the above relationship i s  valid only a t  Tw/Tf< 2.5. At TJTf>2.5 the 
temperature  factor  e x e r t s  a s t ronge r  influence. Moreover,  the different 
influence of the temperature  fac tor  on local heat t ransfer  a t  different points 
over the length of the pipe may be established a s  a fact. 

The  r e p o r t s  contain very interest ing experimental  data on the heat 
t ransfer  in the supercr i t ica l  region for  carbon dioxide, water ,  and ethanol. 
The  experiments  extended over a wide range of p r e s s u r e s ,  t empera tu res ,  
and heat loads. E m p i r i c a l  equations, generalizing a large amount of 
experimental  data a r e  proposed. However, of special  in te res t  a r e  the 
experimentally observed physical phenomena that have not as yet received 
a sat isfactory interpretat ion or a mathematical  description. T h e  f i r s t  
phenomenon is the r a t h e r  s h a r p  dec rease  in heat t r ans fe r  and the 
corresponding inc rease  in the wall  temperature  in the pipe sect ions in which 
the fluid temperature  is lower, while the wall  temperature  is higher than 
the temperature  corresponding to the maximum heat capacity. In that case,  
the wall temperature  inc reases ,  r e a c h e s  a maximum, and then dec reases .  
The  inc rease  in the w a l l  temperature  a t  the maximum point r eaches  
100-200°C and becomes m o r e  pronounced a s  the heat load is increased a n d  
the p r e s s u r e  approaches the c r i t i ca l  level. Th i s  is usually observed a t  
moderate  m a s s  velocit ies of the liquid (in the case  of water  a t  
“g < 1000 kg/m2-sec) and a t  heat f luxes (on the walls)  g r e a t e r  than a cer ta in  
value ( in  the case of water  a t  4. > 290 103w/m2). 
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The  deterioration in heat t ransfer  i s  some t imes  interpreted a s  
resembling the heat t ransfer  c r i s i s  in boiling, assuming that a kind of 
vapor fi lm is formed in the pipe sect ions with a relatively poor heat t r ans fe r  
and high wall temperature .  Th i s  approach is motivated by the natural  
des i r e  to interpret  this phenomenon by conventional concepts. I t  is, however, 
doubtful whether such an approach is useful. 

T h e r e  a r e  r easons  to believe that the deter iorat ion of the heat t ransfer  
and the inc rease  in wall temperature  in cer ta in  sect ions of the pipe should 
be attr ibuted to some specific changes in the physical propert ies  of the 
fluid a t  a given specific combination of conditions. The  above approach is 
supported by the fact that a deterioration of the heat t r ans fe r  conditions, 
i.e., an inc rease  in thewall  temperature  in s o m e  sect ions of the pipe is observed 
(thought o a  s m a l l e r  extent) a l s o a t  h i g h e r m a s s  velocit ies of the fluid ( R e >  lo5) .  
T h e s e  conditions, unlike those exis t ingat  low m a s s  velocit ies,  m a y b e  explained 
and descr ibed with the aid of the existing theory. Evidently, fur ther  
advances in the theory a r e  required before  i t  can be used to descr ibe the 
deter iorated conditions a t  low velocities. Such advances might r equ i r e  that 
pulsations in density and heat capacity, a s  well  a s  some  other effects not 
accounted for  by the existing theory, be taken into account. 

The  second phenomenon observed during studies of the heat t ransfer  in 
the supercr i t ica l  range i s  known a s  "pseudoboiling. It was f i r s t  observed 
by Goldman in experiments  with water ,  and, a s  reported in one of the 
papers  presented here ,  in experiments  with ethanol. Pseudoboiling is 
observed a t  wall temperatures  higher than the temperature  corresponding 
to the maximum heat capacity and a t  fluid t empera tu res  lower than this 
temperature .  It occurs  only at  high heat flux densi t ies  and, correspondingly,  
a t  l a rge  Reynolds numbers  (Re).  In such c a s e s  a higher r a t e  of the heat 
t r ans fe r  is observed a t  cer ta in  sect ions of the pipe; at  the same  time the 
curve represent ing t ,  a s  a function of qw is of a shape such that when the 
heat flux is increased,  the wall  t empera tu re  changes negligibly (e. g. , as 
in the c a s e  of nucleate boiling). Pseudoboiling is often accompanied by a 
s t rong whistling sound. 

The mechanism of the p rocess  known a s  "pseudoboiling" is not 
completely clear .  It appears  that under the effect of turbulent pulsations 
in the velocity, the "cold" and "dense" liquid par t ic les  pas s  f rom the 
ma ins t r eam to the wall. On the "hot" wall, these par t ic les  a r e  heated 
rapidly and expand explosively, forming low-density cavities in the layer  
adjacent to the wall. The  growth and collapse of these cavities causes  
vigorous agitation of the layer  adjacent to the walls and inc reases  the heat 
t ransfer  ra te .  Studies of the mechanism of the above phenomena and 
formulation of a quantitative theory for  them a r e  of g rea t  interest .  

A number of r e p o r t s  deal  with problems that, somewhat a rb i t ra r i ly ,  
may  be described a s  s tudies  of the flow and heat exchange in sys t ems  
( m a i n l y  channels) of various geometr ical  shapes.  

Other  theoret ical  and experimental  pape r s  deal  with heat exchange during 
laminar  and turbulent flow in the inlet  sect ions of pipes in the c a s e  of 
simultaneous development of the velocity and temperature  profiles over  the 
length; with heat exchange and liquid flow in curved channels, in par t icular  
as applied to the flow of fluids in gas  turbines,  between rotat ing cylinders,  
etc. Some new theoret ical  and experimental  data on these subjects  a r e  
reported.  

3 



Severa l  r e p o r t s  contain new theoretical  and experimental  data on the 
heat  exchange and hydraulic r e s i s t ance  during flow in pipes with an 
annular  c r o s s  sect ion and during longitudinal flow round pipe bundles. Even 
though the prac t ica l  importance of the above problems is well  known, until 
recent ly  the problem of heat t ransfer  during turbulent flow through annular 
pipes was not c l e a r  enough. T h e r e  exist  many empir ical  equations which 
yield markedly different resu l t s .  A rel iable  b a s i s  for  prac t ica l  calculations 
w a s  establ ished only recently,  as a resu l t  of s tudies  that w e r e  c a r r i e d  out 
in the USSR and the U. S. A. Th i s  was achieved by an adequate combination 
of theoret ical  analyses  of the problem with experiments  c a r r i e d  out in 
accordance with a re l iable  procedure over a wide range of variations of the 
geometr ical  pa rame te r .  Most experimental  s tudies  of heat t r ans fe r  in 
annular pipes have been c a r r i e d  out with gases .  T h e r e  is a marked  lack of 
experimental  data f o r  liquid m e t a l s  and especially f o r  tr ickling fluids a t  
P r a n d t l  numbers  higher than unity. The  collection of such data would make  
it possible to r evea l  m o r e  c lear ly  the effect of the channel geometry on the 
heat t r ans fe r  a t  different P rand t l  numbers.  It is important to c a r r y  out 
exhaustive experimentation over  a wide range of the geometr ical  pa rame te r ,  
in o r d e r  to take into account the theory of the problem when sett ing up the 
experiment  and processing the experimental  resul ts .  The  problem of heat 
t r a n s f e r  in annular pipes has  been the subject of theoret ical  analyses  in 
which a constant heat flux was assumed to exis t  on the walls. T h e  study of 
this problem for  other types of boundary conditions would cer ta inly be of 
interest .  

Although a number  of pape r s  have dealt with the problems of heat t ransfer  
and hydrodynamics in pipes with a rectangular  c r o s s  section, pipe bundles 
with the fluid flowing along the bundle, and other s i m i l a r  sys t ems ,  the 
resu l t s  obtained so  far a r e  insufficient for  the development of well-
substantiated calculation methods. Here  systematic  s tudies  mus t  be c a r r i e d  
out (both theoret ical  and experimental) .  At the s a m e  time it is very 
important  that the experiments  be ca r r i ed  out in such a way that the specific 
cha rac t e r i s t i c s  of the flow and heat t ransfer  in such s y s t e m s  would be taken 
into account. F o r  instance,  i t  is very important that the changes in the heat 
t ransfer  coefficient be studied not only over the length, but a l so  on the 
p e r i m e t e r  of the pipe. I t  is necessa ry  to c a r r y  out studies over  a wide 
range of P r a n d t l  numbers  s ince a different influence of the geometry is 
observed a t  different P rand t l  numbers .  

The  problem of convective heat t ransfer  under unsteady-state conditions 
is one of the new problems insufficiently studied. A number of pape r s  
dealing with the above problem have been presented. Some of these pape r s  
consis t  of theoret ical  analyses  of cer ta in  heat t ransfer  problems during 
laminar  flow in pipes o r  flow around the bodies, while o the r s  r e p o r t  the 
resu l t s  of experimental  studies of heat t ransfer  and hydraulic r e s i s t ance  
during turbulent flow in pipes. 

A s  in the c a s e  of unsteady laminar  flow, the study of unsteady heat 
t r ans fe r  during l amina r  flow is a mathematical  r a t h e r  than physical 
problem. Definite calculation schemes  have been derived and some  
approximate mathematical  methods (e. g. , the method of charac te r i s t ics )  
have been used with success .  Such methods have been used to solve a 
number of problems on the heat t ransfer  in pipes,  and during fluid flow 
around bodies. T h e s e  r e s u l t s  are f ami l a rbo th  to Soviet and foreign 
l i terature .  
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Nevertheless ,  understanding of the problem of unsteady convective heat 
t ransfer  during laminar  flow fa l l s  f a r  sho r t  of that, for  example, of the 
theory of t he rma l  conductivity. F o r  instance,  coupling problems have 
hardly been studied. Such problems involve a simultaneous investigation 
of the unsteady heat t ransfer  between a solid surface and a fluid flow, and 
the unsteady thermal  conductivity in the solid body. The  solution of such 
problems is very complicated, and the difficulties have not yet been 
overcome. 

Much m o r e  complex is the problem of unsteady heat t ransfer  during 
turbulent flow. The  possibil i t ies of a theoret ical  analysis  of the above 
problem a r e  m o r e  limited, especially in the c a s e  of rapid processes .  
Indeed, if  the t ime needed for  a substantial  change in the flow p a r a m e t e r s  
is of the s a m e  o r d e r  a s  the pulsation t ime of the velocity, temperature ,  
and other  var iables ,  the possibil i ty of using averaged motion and energy 
equations becomes doubtful o r  may  even be out of the question. A s  a resul t ,  
the semiempi r i ca l  theory of turbulence cannot be used in the above case.  
Hence, experimental  studies become of g rea t  importance in the study of 
unsteady convective heat t ransfer  during turbulent flow. Only a few pape r s  
dealing with this problem have been published to date. 

Some of the r epor t s  present  r e s u l t s  obtained in hydrodynamic and heat 
t ransfer  s tudies  in jets.  * They contain data on f r e e - s t r e a m  jets ,  j e t s  in an 
accesso ry  flow, and je t s  propagating along the wall. 

Experimental  resu l t s  on the turbulent t ransfer  of the momentum and the 
heat in a f r e e - s t r e a m  jet  a r e  of g rea t  interest .  On the b a s i s  of a la rge  
amount of experimental  data, it is shown that the turbulence P r a n d t l  number 
for  such a je t  is independent of the Reynolds number and the molecular  Prandt l  
number ove r  a wide range of values ( f rom 0.02 to 300). Some interest ing 
r e s u l t s  have been obtained on the momentum and heat t ransfer  in non
isothermic jets.  

One of the cent ra l  problems in the investigation of j e t s  is the study of 
turbulent high- temperature  je t s  of var ious types a t  l a rge  temperature  
gradients  when chemical  react ions occur  in the je t  (e. g . ,  dissociation, 
combustion), and when the heat t r ans fe r  by radiation has  a s t rong effect. 
Evidently, this concerns both subsonic and supersonic  je t  s t r e a m s .  
P r o b l e m s  of this type a r e  direct ly  re la ted to the problem of mixing Of j e t s  
having different physicochemical proper t ies ,  including those c a s e s  in which 
the media  being mixed participate in chemical reactions,  or when the mixing 
is accompanied by phase transformations.  The study of these important 
problems i s  a t  present  s t i l l  in the init ial  s tages ,  but that such a study i s  of 
g r e a t  prac t ica l  and scientific value i s  undoubted. 

Many of the r epor t s  presented he re  deal  with the intensification of 
convective heat t r ans fe r  p rocesses  and a r e  of g rea t  pract ical  importance.  
They are direct ly  concerned with the design of effective and a t  the s a m e  
t ime rugged heat exchange equipment, leading to savings in the me ta l  used 
for  i t s  construction. 

A s  a r u l e ,  problems relat ing to heat t r ans fe r  intensification are solved 
experimentally,  since the flow and heat exchange in such sys t ems  a r e  not 
subject to theoret ical  analysis.  In many cases ,  an inc rease  in the heat 
t r ans fe r  r a t e  is achieved a s  the resu l t  of an order ing of the flow with the 
detachment of the boundary layer  f r o m  some  of the surface elements.  The  

* The reports dealing with the above subject are included in Section 2. 
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eddies formed a s  a resu l t  of the above p rocess  a r e  suppressed a s  they move 
along subsequent sect ions of the sur face .  The  r e p o r t s  contain a la rge  
amount of experimental  data on the heat t ransfer  and hydraulic r e s i s t ance  
on various types of finned heating surfaces ,  with a flow swir led by means  
of a t r ip  w i r e  or  by pipes with a sc rew thread, on art if icially roughed 
sur faces ,  etc. 

A m o r e  thorough and detailed study of the flow and heat t ransfer  in the 
eddying zones and the surface sect ions at  which the eddies a r e  suppressed 
would be of g rea t  value f o r  the creat ion of m o r e  general  methods for  the 
calculation of such heat exchange systems.  

It i s  desirable  that the studies on the intensification of heat t r ans fe r  
problems be c a r r i e d  out direct ly  by the design companies and plant 
laborator ies ,  o r  in c lose collaboration with the design engineers.  Only 
then could such s tudies  be of r e a l  value and contribute to the design of 
highly effective heat exchange sys t ems .  
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1. HEAT EXCHANGE AND FRICTION RESISTANCE 

DURING SUBSTANTIAL CHANGES IN THE 

PHYSICAL PROPERTIES OF LIQUIDS AND 

GASES AS A FUNCTION OF TEMPERATURE 

AND PRESSURE 


A. A. Gukhman, A. F. Gandel 'sman, V . V .  Usanov, 
and G. N .  Shorin 

NEW DATA ON THE PROPERTIES OF 
TRANS-SONIC FLOWS 

It has  been f i rmly established /1-6/ that in the immediate vicinity of the 
speed of sound a degeneration of the turbulence occur s  under cer ta in  
conditions, in which c a s e s  the hydrodynamic theory of heat t ransfer  cannot 
be used in i t s  conventional form.  The main factor  affecting these phenomena 
i s  the effect of la rge  negative p r e s s u r e  gradients .  

The experimental  procedure used by u s  in the study of the heat and 
momentum t ransfer  in the region of disturbance of the Reynolds analogy 1 5 1  
was based on independent plotting of the cu rves  showing the variations in 
the s ta t ic  p r e s s u r e  and the heat flux density over the length of the channel. 
The  measurement  technique developed by u s  made it possible to obtain 
values of the heat flux density (by sectional withdrawal of the condensate) 
and the s ta t ic  p r e s s u r e  (by means  of an axial  probe) at  sufficiently sma l l  
dis tances  over the length. A high degree of accuracy may be achieved by 
the above method; the e r r o r  in the measu remen t  of the heat flux density 
is f 1 %  and of the s ta t ic  p r e s s u r e  f 1.5%. T h e  possibility of establishing 
a virtually continuous distribution pat tern of the p r imary  p a r a m e t e r s  with a 
sufficient degree of accuracy is of decisive importance for  the whole 
experiment ( s e e  table). 

The  above procedure i s  used to determine the local values of the hydraulic 
r e s i s t ance  coefficient 5 and i t s  computation analog 5 ,  8St .  The  ra t io  

c 
cp= - s e r v e s  a s  a quantitative m e a s u r e  of the disturbance of the Reynolds 

LP 
analogy. A charac te r i s t ic  curve showing the distribution of rp over  the 
length of the channel (and, correspondingly,  over M )  i s  shown in F i g u r e  1 ,  

TU'which contains a l so  the corresponding values of -. The  curves 
To 

represent ing the variations in 5 and L p  a r e  shown in the lower section of 
the figure.  At velocit ies substantially different f rom the speed of sound, 
the var ia t ions in 5 and C p  a r e  roughly s i m i l a r ,  but a t  t rans-sonic  
velocit ies the shapes of the cu rves  differ sharply; 5 d e c r e a s e s  rapidly 
while c p  i nc reases  rapidly. These  shapes of the curves  a r e  reflected in 
the curve represent ing the variation in rp. The  disturbance of the Reynolds 
analogy in the t rans-sonic  region is c lear ly  evident. 

Curves  represent ing the heat flux distribution over the length a t  different 
Reynolds numbers  a r e  shown in F i g u r e  2. T h e  resul t ing curves can b e  
divided into two groups. 

At fa i r ly  la rge  values of the Reynolds number,  qw is a monotonously 
decreasing function of the velocity, which is natural  f o r  the turbulent 
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boundary layer .  At the s a m e  time, the sharp  decrease  in qw in the vicinity 
of the throat  becomes  gradual ly  l e s s  pronounced with the t ransi t ion f rom 
the throat  to  the nozzle edge. 

Values of the parameters which control the conditions 

Conditions Too .  ‘K G. kg/sec ~e TO.IO-’ 

I 547.0 - 548.5 5.097 - 5.133 0.526 - 0.528 I .54 
I1 629.5 - 630.5 5.248 - 5.270 0.503 - 0.505 1.35 
111 698.5 - 699.0 5.214- 5.242 0.476 - 0.478 6.50 
V 627.5 2.138 0.205 3.00 
VI 687.6 1.707 0.157 2.15 
IX 438.6 1.164 0.113 2.50 

The decrease  in the Reynolds number leads to a dec rease  in qm in the 
throat  and to the appearance of a section in which the upward slope of the 

curve represent ing qo i nc reases  as the 
velocity is increased.  Naturally, all those 
specif ic  fea tures  in the shape of the curves  
are maintained (and even enhanced to  a 
cer ta in  extent) in the t ransi t ion to the heat 

1
I t ransfer  r a t e  distribution over  the length 

S t  = St  ( x ) .  The  experimental  data  do not dis
%,? [3 (4 15 l6 l7!m agree  with e a r l i e r  resu l t s .  They  r evea l  
078076 074 072 a,’&, some new charac te r i s t ics  of the heat t ransfer  

e during t rans-sonic  flow, s ince the earlier 
and the m o r e  recent  data  supplement one 

401 another. We believe that a physical model  
descr ibing the observed phenomena could 

‘06 05 04 03 02 Qf I b e  constructed. 
At l a rge  Reynolds numbers  the boundary

FIGURE 1. Distribution of 9 ,  t. and f, l ayer  formed a t  subsonic flow veloci t ies  is(set of conditions II /5/). 
a turbulent one. Hence, the profile re
ar rangement  ( i t s  elongation) observed as 

the speed of sound is approached should be accompanied by an inc rease  in 
the dissipation, i. e . ,  by an effect which is in contradiction to the experi
mental  data. Hence, the profile rear rangement  (and the accompanying 
increase  in the heat t r ans fe r  ra te )  is associated with a degeneration of the 
turbulence. Correspondingly, the region of most  pronounced increase  in 
the heat t ransfer  r a t e  shif ts  downward with the flow, in the direction of 
higher  velocities. Subsequently, the r a t e  dec reases  because of the growth 
of the boundary layer .  At low Reynolds numbers  the flow in the boundary 
layer  is laminar;  hence, the elongation of the profile (and all associated 
phenomena) should b e  observed earlier. The  supersonic  range compr i se s  
a se t  of conditions resembling conventional laminar  flow (which is 
charac te r ized  by  relat ively low heat t ransfer  ra tes ) ,  with a substant ia l  
increase  of the heat t r ans fe r  r a t e  as a r e su l t  of subsequent formation of 
turbulence. 

The  above r e su l t s  were  obtained on the b a s i s  of a one-dimensional model. 
Nevertheless ,  despi te  the a rb i t r a ry  na ture  of such a calculation, i t  has  value 
a t  l eas t  fo r  a qualitative evaluation. However, the amount of data  available 
to u s  is not sufficient to  allow determinat ion of the flow conditions in the 
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boundary layer. Hence, two var ian ts  of the calculation sha l l  b e  used, 
assuming that the flow is a t  f i r s t  l aminary  and then turbulent. The  

calculation fo r  the laminar  flow was  
ca r r i ed  out by the method descr ibed in 
17’1; in our case ,  the u s e  of the above 
method is m o r e  justified than the u s e  
of any other  known approximate method. 
The  calculations f o r  the turbulent flow 
were  c a r r i e d  out by  the method of 
Kalikhman 18/, assuming the flow to b e  
turbulent ove r  the whole length of the 
channel. The  calculated and experi
menta l  r e su l t s  are shown in F igu re  3. 
It is evident that the r e su l t s  calculated 
by assuming a laminar  flow contradict 
the experimental  data  (even the o r d e r  
of magnitude differs). On the other  
hand, the r e su l t s  calculated by assuming 
a turbulent flow are in much be t te r  

FIGURE 2. Distribution of the specific heat fluxes agreement  with the experimental  data. 
Q,,, (5)
over the length of the nozzle. 1, 2, 3, this does not mean that the 

flow is turbulent over  the whole length
4, 5, 6 - sets of conditions I ,  11, 111, V, VI, and of the channel, including the throat.IX , respectively. 

The  agreement  between the experimental  
and calculated curves  may be  regarded  

as an indication of the turbulent nature  of the flow in the boundary layer  on lyfor  
a channel section a t  a sufficient dis tance f rom the throat, where  the a r b i t r a r y  
na ture  of the calculations is not of grea t  importance. T h i s  i s  supported a l soby  
the shape of the velocityprofile obtained by u s  in the vicinityof the nozzle edge. 

FIGURE 3. Comparison of calculated results for FIGURE 4. Distribution of the values 

t h e  heat  transfer in the supersonic section of the of over the nozzle length in adia 

nozzle with experimental  data. PO 


1- set of conditions I (according to / 5 h  2 - bat ic  experiments. 


calculated according to  /I/; 3- calculated 1-Rero=t .a . lo*  : 2 - ReTo ranging from 

according to /a/. 2.2s. i o 5  IO 16. io6. 
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In  view of the par t icu lar  effect  of p r e s s u r e  gradients  on the formation 
P
of the boundary layer, l e t  us d i scuss  in m o r e  detail  the-distribution
Po 

curve  for the t rans-sonic  flow velocity range  (F igu re  4). On the sect ion 
(of the curve)  corresponding to the nozzle throat,  the maximum p r e s s u r e  
grad ien ts  are not in the c r i t i ca l  c r o s s  sect ion but in the contraction, 
immedia te ly  before  the cyl indrical  belt, and their  values  r ema in  large 
( g r e a t e r  than anywhere else)  over  a relat ively grea t  length. The  p r e s s u r e  
gradient  d e c r e a s e s  af terward.  In o u r  case, the p r e s s u r e  gradient  dec reases  
by  a fac tor  of 9 over  a s h o r t  cyl indrical  section of the channel lying above 
the throat.  In  the diffuser section, direct ly  beyond the throat,  the p r e s s u r e  
gradient  again inc reases  by a fac tor  of about 2.5, i. e. , the p r e s s u r e  gradient  
there  r e m a i n s  lower (by  a fac tor  of about 3.5) than i t s  maximum value in  
the contraction. T h e  numer ica l  values of the dimensionless  grad ien ts  are 
0.607, 0.069 and 0.157. 

S y m  b 0 1 s  

To,- impact  tempera ture  at the e n t r y  to the experimental  nozzle; p -
s t a t i c  p re s su re ;  pa - p r e s s u r e  a t  the inlet  to the experimental  nozzle;  
qw- heat  flux density; ReTo-Reynolds number;  S t  -Stanton number;  
[ - hydrodynamic r e s i s t a n c e  coefficient. 
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V .  L. Lel'chuk, G. I. Elfimov, and 
Y u. P. Fedotov 

EXPERIMENTAL STUDY OF THE HEAT TRANSFER 
FROM PIPE WALLS TO MONO-, DI-, AND 
TRIATOMIC GASES AT LARGE TEMPERATURE 
GRADIENTS 

T h e  calculation of heat t ransfer  f r o m  the wall  to the gas  in  boosted-
performance heat exchange equipment (in which the ma te r i a l  temperature  
is close to the maximum pe rmis s ib l e  temperature)  r equ i r e s  the u s e  of 
re l iable  and fair ly  accurate  equations. It is a known fact that the calcula
tions a r e  complicated by l a rge  temperature  gradients  existing in the 
equipment, and hence the effect of the changes in the physical propert ies  
of the heat t ransfer  medium on the heat exchange must  be taken into account. 

Experimental  studies of the heat t ransfer  f rom the walls to a turbulent 
gas  flow inside a tubular pipe with wall t empera tu res  of up to 1400'K have 
been c a r r i e d  out during recent  y e a r s  at  the All Union Institute of T h e r m a l  
Technology. 

One of the s tudies  / l /  was concerned with heat t ransfer  to the a i r  in a 
heated pipe 18" in diameter ,  having an LID ra t io  of 140, when the 
gas  a t  the inlet was a t  room temperature  and the maximum value 
of M a t  the exit was 0.6. 

Subsequent studies were  c a r r i e d  out with a i r  in three pipes 12.25" in 
diameter ,  having LID ra t ios  of 206 ,  1 5 0 ,  and 77a t  various a i r  
t empera tu res  a t  the inlet ( f rom room temperature  to 870OK) and a t  
values (of the flow) up to 1; in this study cer ta in  improvements  were 
introduced into the experimental  and computation procedures.  

Since the effect of temperature  on the the rma l  propert ies  of different 
gases  i s  not the same ,  analogous experiments  were  c a r r i e d  out with carbon 
dioxide and argon, which a r e  used in technology a s  heat c a r r i e r s .  

The  experiments  with a i r  were  c a r r i e d  out in open sys t ems  and the 
medium was discharged into the atmosphere,  while the experiments  with 
the other  gases  were  c a r r i e d  out in a closed system. After leaving the 
compresso r ,  the gas  passed successively through large-volume rece ive r s ,  
an apparatus  f o r  the removal  of oil  and moi s tu re  f rom the gas ,  a flow-
r a t e  measuring diaphragm, an e lec t r ic  furnace (prehea ter ) ,  the experi
mental  section, and was then ei ther  discarded o r  passed through a condenser 
and returned to the compresso r .  In all cases, the experimental  sect ion 
was made  of s ta in less  s t e e l  (1Khl8N9T) while the pipes were  connected 
to a DC motor  (AND-30 o r  PSM-1000) in series with a standard r e s i s t ance  
which se rved  to m e a s u r e  the current .  

Fundamentally, the experimental  sect ions r e sembled  in their  construction 
the section descr ibed in / 1 / .  However, the following improvements  were  
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made: heat flow f rom the pipe to the inlet chamber  was prevented by 
shielding the furnace;  a shor t  section of a pipe of about the s a m e  diameter ,  
heated by an  e lec t r ic  cur ren t ,  was welded between the experimental  pipe 
and the inlet chamber  in o rde r  to reduce the tempera ture  "fall" at  the end 
of the experimental  pipe; a l l  measu remen t s  were made to the end of the 
pipe, where a conical widening was made to m a r k  the c r i t i ca l  section. 

The distribution of e lec t r ica l  potentials, wall t empera ture ,  and the 
p r e s s u r e s  of the gases  was m e a s u r e d  over  the length of the pipe. The  gas  
temperature  in the mixing chambers  was a l so  measu red  at  the inlet and 
out let. 

In contrast  to 1 1 1 ,  in our subsequent s tudies  the thermocouples fitted to 
the pipe walls were  cal ibrated in s i tu ,  and in calculating the tempera ture  
on the bas i s  of the thermocouple readings,  we took into account the 
tempera ture  drop in the m i c a  space r  between the junction and the wall. 

In o rde r  to reduce the heat l o s ses  to a minimum, the experimental  
section was insulated thoroughly. The  lo s ses  (which for a constant 
insulation thickness and a constant temperature  of the surroundings depend 
solely on the wall temperature)  were  taken into account on the bas i s  of 
special  cal ibrat ion experiments  in which an e lec t r ica l  cur ren t  was passed 
through the pipe without a gas  flow inside it. In most  experiments  the 
overal l  heat l o s ses  through the insulation amounted to 1-370 of the heat 
supplied by the e lec t r ic  cur ren t ,  and only in 118 of the experiments  were  
the lo s ses  substantial, reaching up to 10%. 

All measu remen t s  (with a reliable correct ion for  the heat losses, which 
were  r a the r  small)  w e r e  used to calculate ( for  the var ious sect ions over  
the pipe length) the local values of the specific heat flux to the gas ,  the 
thermodynamic and impact  tempera tures  of the gas ,  the velocity of the 
gas, the heat t r ans fe r  coefficients, and the s imi la r i ty  c r i te r ia .  The  gas  
flow p a r a m e t e r s  w e r e  calculated on the bas i s  of the one-dimensional theory, 
taking into account the var iable  heat capacity. The local heat t r ans fe r  
coefficients were  calculated a s  the r a t io  of the specific heat flux to the 
difference between the actual  and equilibrium wall temperatures .  In the 
inlet sect ions of the pipes, where the change in the wall t empera ture  over  
the length was nonlinear, we took into account the flow of heat along the 
walls. 

The  specific heat fluxes increased  over the length of the pipe, because 
of the changes in its e lec t r ica l  resist ivity.  Depending on the tempera ture  
drop over  the length of the pipe, the specific heat flux increased  by 3-3570. 

A comparison of the amount of heat taken up by the gas  in the whole 
experimental  section with the total amount of e lec t r ica l  energy supplied to 
the sys tem (minus the heat losses)  showed that the discrepancies  in the 
thermal  balance r a r e l y  exceeded 2 7'0. 

A brief description of our experiments  is given in the table. 
The experimental  data  w e r e  general ized on the bas i s  of the dimensionless  

equation 

where M is the r a t i o  of the s t r e a m  velocity to the local speed of sound. 
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The  calculations were  ca r r i ed  out for various sec t ions  over  the length, 
mos t  often f o r  the inlet sect ions and m o r e  r a r e l y  for  the sect ions with a 
stabilized heat t ransfer .  

Summary of the experiments 

?L 

2 Reynolds 

I-

Ea 
o the inlet, s :3 

Gas $ 0 ;g Temperature 
Calculated sections
number at 

D.2 E ,  !i factor, atQ .*a 
TSRe i .  IO-' ;.E .-5 E- Q - x/d>53

.+ 
P 

2 s  P 2 5- 3 2  
W.- I-

- a  o s  I O M  E a  
.s .air - c  S E  
v) 2 2 5  0. 2 2  2 2  

I 300 75.0- 481.0 31 air 12.25 206 1270 0.48- 0.860 from xld  = 53 to 
rld = 195. 11 sections 
i n  all  

2 470 53.8- 298.0 26 
3 670 42.6 - 204.0 16 
4 870 37.2- 150.0 10 

5 300 98.1- 626.0 28 151 1210 0.44 - 0.970 from xld  = 53 to 
6 410 76.5- 278.0 11 12.25 xld  = 139. I sections 
7 670 51.4- 206.5 8 in all 
8 870 49.4- 150.4 13 

9 300 01.6- 684.0 22 71 1270 0.39- 0.950 from x/d = 53 to 
10 410 78.4- 332.4 10 12.25 x/d  = 69.4,3 sections 
11 670 63.2- 230.6 9 in al l  
12 8 IO 55.7- 152.6 6 

13 300 39.2- 403.0 8 11.39 105 670 0.55- 0.804 x/d .= 59.3and 85.6 

14 300 21.0- 601.5 26 CO, 11.39 105 1070 0.47 - 0.922 

15 470 14.0- 311.0 20 co2 11.39 105 1070 0.4'7- 0.922 


16 300 39.0- 418.2 36 argon 11.39 105 1210 0.37- 0.890 
_ _  

In o u r  experiments  the var ia t ions in the P rand t l  number  (Pr) were  
insignificant, and we assumed that N u  is proport ional  to At constant 

5 values, the Reynolds number had the mos t  pronounced effect on the heat
d 
t ransfer .  

A plot of log- N u  against log He (plotted fo r  each section used for  the 

calculations) makes  i t  possible to  de te rmine  the above function with a fair 
degree of accuracy,  in spi te  of a cer ta in  dispers ion due to the effect of 
other  dimensionless  numbers .  It was  found that fo r  all sect ions used in 

X
the calculations ( a t  l eas t  fo r  those where  -

d 
> 10) a value of N u / P ~ ~ * ~ -Reoa8 

m a y  be  taken for  all gases  in the calculation of the physical p roper t ies ,  
including the density in t e r m s  of those dimensionless  numbers  both on the 
bas i s  of the s t r e a m  tempera ture  ( N U , ,  Pr,,  Re,)  and on the b a s i s  of the 
wal l  t empera ture  (Nu,, Pr,, Re,). * 

The physical properties of air and carbon dioxide were calculated according to /4/, and those of argon 
according to /5/. 
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The  effect of the tempera ture  fac tor  T,IT and of M w e r e  determined 
fo r  the above two var ian ts  fo r  the calculation of s imi la r i ty  c r i t e r i a .  

against  
d 

showed that in the inlet section theA plot of N U ~ / P ~ ~ ~ R ~ ~ '  

exper imenta l  da ta  are c l ea r ly  s t ra t i f ied  depending on maximum wall  
t empera ture  or, in other words,  on the magnitude of the t empera tu re  fac tor  

N u ,T , l T w ,  and that Pr0.4Re0.ad e c r e a s e s  when the tempera ture  fac tor  is 
w w 

increased. The  extent of the above stratif ication, as well as the ove ra l l  

dispersion of the exper imenta l  points, decreased  with i n c r e a s i n g l .  At "> 50
d d 

the influence of the t empera tu re  fac tor  on the stratif ication was  negligible 
and the overa l l  d i spers ion  of exper imenta l  points fo r  each  gas  was  * (4- 6) 70. 

When the s imi l a r i t y  criteria are calculated on the bas i s  of the g a s  
N U St empera tu re  the changes in Pr!.4Re2.8 as a function of -Y a re ,  in genera l ,

d 
qualitatively the s a m e  as in the calculations based on T,. However, in 
cont ras t  to the prev ious  calculation, the stratif ication as a function of the 

tempera ture  fac tor  i n c r e a s e s  with increas ing  1and i s  the g rea t e s t  a t  the
d 

section of stabil ized heat t ransfer .  At 1 < < 10 the deviation of all
d 

exper imenta l  points f rom a mean  value does not exceed 6-770 ( r e g a r d l e s s  

of the tempera ture  fac tor ) ,  while a t  
d 

> 30 the deviations are a s  high a s  

* (20-30)%. 
When the data w e r e  p rocessed  on the b a s i s  of the s t r e a m  tempera ture ,  

we found that the bes t  agreement  between the exper iments  is obtained when, 
in addition to the t empera tu re  factor,  the compressibil i ty of the s t r e a m  is 
a l so  taken into account. It is known f r o m  exper iments  on the heat t r ans fe r  
f rom the g a s  to the pipe a t  supersonic  flow velocit ies / 3 / ,  that when the 
s imi la r i ty  c r i t e r i a  a r e  calculated on the b a s i s  of the s t r e a m  tempera ture  

Nus y. - ] 
we have 

Pr0i4Re0i8 -[1 + -
2 

Mz) 
-0.5 . N o  exper imenta l  data a r e  available 

on the effect of the compress ib i l i ty  during the heat t r ans fe r  f rom the wall  
to the gas.  Hence, in o r d e r  to take into account the effect of the 
compress ib i l i ty  we used (as in / 3 / )  a cor rec t ion  fac tor  

where To is the impact  tempera ture .  
Channels of a l a rge  re la t ive  length, f o r  which the effect of the inlet 

section is smal l ,  a r e  commonly used in heat exchangers for power 
application. At the s a m e  time, the highest wall t empera tu res  ex is t  at a 
distance f r o m  the inlet a t  the section of stabil ized heat t ransfer .  Hence, 
in this paper  we dea l  only with the experimental  r e s u l t s  obtained a t  

2 > 50.
d 

All our exper imenta l  data on the calculated sections,  shown in the table, 
fo r  all g a s e s  studied at var ious  inlet  t empera tures ,  a r e  shown in F i g u r e  1 
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Nu a s  a plot of l g  2v e r s u s  l g  Re. In the las t  calculated sections in which 
pry  

heat l o s ses  occur red  and there  was  a s h a r p  change in the wall t empera ture ,  the 
dispersion of exper imenta l  data was  3-570 grea te r  than in other sections in 
the stabil ized heat t r ans fe r  region; those sections a r e  not shown in the 
figure.  The  dot-and-dash line r ep resen t s  the equation 

while the boundary dashed l ines indicate a 1 0 %  deviation f rom the values 
plotted on the dot-and-dash line. It is evident that mos t  of the experimental  
points l ie within the l imi t s  of the above deviation range. 

FIGURE 1. Experimental data on the heat transfer from the pipe walls to argon, air. and 
carbon dioxide at  the section of stabilized heat transfer. The notation is the same as in 
the table. 

An excellent agreement  was  obtained when the experimental  data were  
compared  with the experimental  data of /1/ processed  by our  method. 

Thus ,  in the investigated range  of Re i  values (calculated on the b a s i s  of 
the gas  tempera ture  a t  the inlet) between 14-l o3  and 684. l o3 ,  of TsT,., 
( t empera tu re  factor) values between 0.37 and 0.97, of M values up to 0.95, 
and inlet t empera tu res  f r o m  300 to 870"K, the use  of the following genera l  
equation m a y  be recommended f o r  all investigated gases:  
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. %  .,,, 

Here ,  

a dNU,=-.
1, 


( the  pa rame te r s  with the subscr ip t  "wll a r e  calculated on the b a s i s  of the 
wall t empera ture  while those with the subscr ip t  l'sll are calculated on the 
bas i s  of the s t r e a m  temperature) .  

However, F igu re  1 shows that a cer ta in  s t ra t i f icat ion of the experimental  
points is observed, depending on the na ture  of the gas  and i t s  t empera ture  
at the inlet Ti. By plotting s imi l a r  graphs  for  each  of the gases ,  fo r  a 
constant inlet t empera ture ,  we found the following equations: 

for  argon a t  

T -.L 300" K ,  Nu, = 0.0224Reoi8PrR4i3% 

f o r a i r  a t  

T i  =300"K, NuW=0.0214Re0,8Pr~'2 6 % ;  

T i  = 470"K, Nu,., = 0.0Z09Re:8 Prk41 6  %;  

T i  = 670" K ,  Nu, =-0.0199Rev Prb4? 6 % ;  

T i  = 870"K. Nu, = 0 . 0 1 8 8 R e ~ P r ~k 10%; 

fo r  carbon dioxide a t  

T i  =300"K, Nu,=O.O211Re~*Pr0,4?6%; 

T i  = 470"K, N u w  = 0.0206Rev P r y  k3%. 

The  above equations show the maximum deviations expressed  as per
centages. At a g a s  tempera ture  inlet of 870"K, the tempera ture  gradients  
were  sma l l  and the dispers ion of the points was  natural ly  grea te r .  

Kutateladze 1 6 1  derived a theoret ical  equation fo r  the calculation of the 
heat t ransfer  at l a rge  tempera ture  gradients, approximately represented  
by the equation 

$=(m+1"' 

where Nu, and Nu, are the Nussel t  numbers  calculated on the b a s i s  of the 
s t r e a m  temperature ,  for constant and variable physical p roper t ies  
re spe c tively. 

Petukhov and Popov 171 derived a theoret ical  equation for  the calculation 
of the heat t ransfer  f rom the pipe wal ls  to the g a s  in the region of 
s tabi l ized heat t ransfer  a t  sma l l  flow velocities and la rge  tempera ture  
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gradients.  The  equation recommended by them is 

in which Nu, is calculated f rom the equation 

NU,= 
EJ8Re Pr 

~~ 

k l  f k ,  /Ex(Pr2'3-l) ' 

where k l  = 1 + 3.4E; kz = 11.7 + -+; 1 8  E is the hydraulic r e s i s t ance  coefficient. 

In o r d e r  to compare the recommendations of 1 6 1  and / 7/ with the paper 
of De i s s l e r  /8/*, we calculated the values of 

f rom the experimental  data for argon and a i r  at  T i= 300"K, for  3 sect ions 

at  2 7 50 ( the compressibil i ty mus t  be taken into account in calculations 
d 

based on the s t r e a m  temperature).  
A s  is evident f rom F igure  2,a, when Nu, is calculated by means of 

equation (4), the experimental  data  lie beneath the l ines represent ing the 
equations f rom / 61 and 1 7 1 ;  the deviation f rom the calculated values is 

about 770 on the average, and in addition, when 3= 1 we have Nu < 1. 
TS Nu S 

Figure  2,b contains the s a m e  experimental  resu l t s ,  but Nu, has been 
calculated by means  of an equation derived by Mikheev 

Nu, = 0.021 Re0.*Pro.'. ( 5) 

A comparison of F i g u r e s  2,a and 2,b leads to the conclusion that the 
theories  of / 61 and 171  r ep resen t  with a f a i r  degree of accuracy the 

dependence of 	Nu,- on the temperature  factor ,  while equation (4) should not 
N U S  

be 	used to calculate Nu, in the investigated t-ange. 
Thus,  the following equation is suitable for  calculations of the s imi la r i ty  

c r i t e r i a  on the bas i s  of the s t r e a m  temperature:  

Nu, = 0.021 Re,OJJPrO,.' 

* The Deissler graph was taken from /7/. 
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FIGURE 2. Comparison of our experlmentai  data on the heat transfer co argon and a i r  wirh 
theoretical equations / 6 - 8 /  for the calculation of Nu,: 

a - by equation (4); b - by equation ( 5 ) :  I - experiments with argon; 11 - with air  
( x / d  = 53.0; 118; 183); 1- experimental data: 2 - /8/; 3 - /7/; 4 - /6/. 

or,  s ince 

we have 

Nu, = 0.021 Re!s PrO,.' Ts 
' 
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L. S. S te rman  and V. V. Petukhov 

INVESTIGATION O F  THE HEAT TRANSFER 
TO ORGANIC LIQUIDS 

When no changes in  the s ta te  of aggregation occur,  the heat t r ans fe r  coeffici
en ts  t o  organic  liquids usually have relatively small values,  and consequently 
l a rge  t empera tu re  gradients between the walls and the liquid are crea ted  
at  heat f luxes of any substantial  magnitude. T h e  physical p roper t ies  of 
the liquid in the layer  adjacent to the wall change markedly,  and the heat 
t r ans fe r  coefficients cannot b e  determined without taking these changes 
into account. 

Investigations of the heat t ransfer  to organic liquids with proper t ies  
varying ove r  the s t r e a m  c r o s s  section have been c a r r i e d  out 1 2 - 7 1 .  When 
the t empera tu re  i s  changed, the most  pronounced change occur s  in the 
viscosity of the liquids, and for  this reason ,  s e v e r a l  investigators have 
determined the effect of these changes. F o r  instance,  S ider  and Te i t  / 6 /  
have proposed the following equation f o r  the calculation of the heat t ransfer  
to a liquid of var iab le  properties:  

where the power index n has  a value of 0.14 f o r  a liquid during i t s  heating. 
Studies on heat t r ans fe r  to diphenyl, Santowax R and Santowax OM 

c a r r i e d  out by S i lberberg  and Huber 1 7 1  revealed that a t  Reynolds numbers  
f rom 2 0 , 0 0 0  to  300,000 the use of equation (1) leads  to substantial  
d i screpancies  between the experimental  and calculated data. At low R e ' s  
the experimental  values are lower than the calculated (by as much as- 15%) 
while a t  high R e ' s  the experimental  values are  somewhat higher (by  - 7 To) 
than the calculated, i. e . ,  the dependence of Nu on R e  differs  f r o m  that 
shown in equation (1). In o r d e r  to eliminate this  discrepancy, the following 
equation has  been proposed / 7 1 :  

NLI= 0.015 Re035 PrO.27. (2) 

Equation (2 )  genera l izes  the existing experimental  data with an  accuracy of* 7.9 %. 
An a t tempt  to  take into account not only the var iab le  viscosity but also 

the changes in o ther  physical  constants has  been m a d e  141, and the equation 
proposed is 
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Investigations of the heat t ransfer  to  ditolylmethane (an  organic  liquid 
with proper t ies  resembl ing  those of Dowtherm and diphenyl), which were  
c a r r i e d  out by Chechetkin and Kosterev / 51, and to glycerol  by  Koster in  
and Magomedov / 2 /  revealed that in the R e  range f rom lo4 to  lo5, the 
experimental  data  fit fa i r ly  well into equation (3). However, as mentioned 
in 141, equation (3) is m o r e  suitable for  the case  of cooling. In the opinion 
of the authors ,  the exponent of Prf/Pr, in the case  of heating should be lower 
than in equation (3). The  following equation for  the calculation of the heat 
t r ans fe r  in the case  of a liquid of var iable  proper t ies  has  been proposed 
in 141: 

where  the values of the exponent n are 0.11 fo r  heating and 0.25 fo r  cooling. 
In / 4 /  the value of E was calculated f rom the equation 

-= 1.82IgRe- 1.64.
6 

Calculations based  on the above equations often lead to  markedly different 
values  of Nu. In recent  y e a r s  diphenyl, monoisopropyldiphenyl (MIPD) 
and some  other  organic  liquids with high boiling points have been used as 
heat exchange agents  on an increasing scale .  We have found that substant ia l  
differences ex is t  between the values of the heat t r ans fe r  coefficients to 
those liquids, calculated by means  of equations (1) to  (5), at l a rge  
tempera ture  gradients .  

F o r  this reason ,  the heat t ransfer  coefficients to MIPD were  determined 
experimentally, and the experimental  r e su l t s  were  compared with r e su l t s  
calculated with the aid s f  the various equations; this made  i t  possible to 
es tab l i sh  which of the equations proposed above is the mos t  reliable. 

In our investigations, the circulation velocity ranged f rom 4 to 15m /  sec ,  
and the tempera ture  gradient  ranged f rom 13 to 150°K. Under these 
conditions the Reynolds number ranged f rom 25,000 to  420,000 while the 
P rand t l  number  ranged f rom 5 to 36. 

The  t e s t  appara tus  (F igu re  1.a) consis ts  of a closed circui t  with forced 
circulat ion of the liquid. The  apparatus  compr ises  the experimental  
sect ion (l), hea te r s  ( 2 ) ,  and circulation pump (3), connected by means  of 
s t ee l  (1Khl8N9T) pipes with a diameter  of 0.057X0.003ni. A volume 
compensator  (4),made of a pipe with an inner  d iameter  of 0.195m, was  
connected to the sys tem by means  of a pipe with a d iameter  of 8X 1mm.  
The  p r e s s u r e  in the apparatus  was  produced by means  of nitrogen which 
was  supplied f rom the cylinder (9) to the ves se l  (4). 

The  liquid level  in the vesse l  (4)was usually above the half-way mark ,  
and as a resu l t ,  the nitrogen could not en ter  the sys t em direct ly  or  be 
dissolved in the liquid. 

The  heat exchange was  studied in an experimental  b r a s s  (L-62) pipe 
0.012X0.001 m in diameter .  In the experiments  with MIPD, the pipe length 
was 0.640; 0.880; or 0.920m. The  pipe was  heated by an al ternat ing 
cu r ren t  which was  passed  through i t s  walls. 
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FIGURE 1. Schematic view of the test apparatus (a)  and the experimental  section (b). 

1 - experimental section (b) (1 - current-conducting flange; 11 - terminals for 
the measurement of the voltage: I11 - insulation; I V  - experimental pipe: V -
movable current-conducting flange); 2 - electric heaters; 3 - circulation pump; 
4 - volume compensator; 5 - tank for closing the  circuit ;  6 - transformer type 
TPO-253: 7 - transformer type ROT-25/0.5; 8 - measuring orifice plate with 
the DT-50 differential manomerer; 9 - nitrogen cylinder. 

In the experimental  section (F igu re  1,b) a s e r i e s  of chromel-kopel'" 
thermocouples made of 0.00002 m wire  w e r e  fitted along the pipe ( W )and 
served  to m e a s u r e  the tempera ture  of the ex terna l  wal ls  of the pipe. In 
the experiments  with MIPD, 11 thermocouples were  fitted along the pipe 
in one case ,  and 1 7  thermocouples in each  of the other  two cases .  When 
17  thermocouples were  used, two thermocouples ( a t  opposite s ides  of the 
pipe) were  fitted a t  each  of s ix  marked  spots  along the pipe. 

[Kopel' - an alloy similar t o  constantan containing 56-57scopper and 4 4 - 4 3 8  nickel. 1 
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When using the b r a s s  pipes, the e r r o r s  in the determination of the 
tempera ture  gradient  over  the wall could not have a substant ia l  effect on 
the experimental  resul ts :  the gradient  over  the walls ranged f rom 0.3 to 
3"C, while the gradient  between the wall and the liquid was  13-150°C. 

The  liquid tempera ture  at the inlet and exit f rom the experimental  
section was  a l so  measu red  by chromel-kopel'  thermocouples m a d e  of 
0.00002 m wire .  The  hot junctions of these thermocouples were  immersed  
direct ly  in the liquid s t r e a m  at the center  of the pipe. 

The  liquid tempera ture  in a given section was  determined f rom the 
tempera ture  a t  the inlet o r  exit of the experimental  section and the amount 
of heat t ransmit ted in the section up to o r  beyond that spot where  the thermo
couple was  affixed. 

The  thermoelectromotive force  was measu red  with a low-resistance 
potentiometer (PMS-48) having an accuracy  of 1 microvolt. The  heat flux 
was  calculated f rom the power supplied. The  voltage drop over  a given 
section was  measu red  by means  of a mi l l iammeter  (of the D-528 type, 
(prec is ion  c l a s s  0.5) and a res i s tance  box (KMS- 6) connected in series with 
the ammeter .  Such a circui t  converted the ammeter  into a mult i range 
vol tmeter ,  with a lower measurement  l imit  of 0.5 v. The  measur ing  device 
was  cal ibrated in advance. The  cur ren t  flowing through the pipe was  
measu red  with an E L A  ammete r  (prec is ion  c l a s s  0.2) 

I I r I 1 
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FIGURE 2. Local values of the Nusselt number a t  various heat  fluxes (a), at a liquid circulation velocity of 
10,3m/sec and a liquid temperature of 413°K ( 1  - q = 172,000; 2 - q=431,000; 3 - q=740,000w/mZ) 
and at various liquid circulation velocities a t  a constant heat  flux of 431,000 w/mZ (b) (I - re. = 15.5; I1 
10.3; III - 6.3: IV - 4.1m/sec). 

The  experimental  determinat ions of the coefficient of heat t r ans fe r  to 
MIPD were  ca r r i ed  out at c i rculat ion veloci t ies  of 4, 6 ,  10, and 1 5 m / s e c .  
F o r  each  velocity, the values  of the heat t ransfer  coefficient were  
determined a t  specif ic  heat fluxes of 172,000, 431,000, and 740,000 w/m2. In 
the experiments  with MIPD, the liquid tempera ture  a t  the inlet to  the 
experimental  section var ied  between 343 and 553°K. The  p r e s s u r e  was  
selected in such a way that surface boiling of the liquid did not occur. 
Usually, the wall t empera ture  was  below the saturat ion tempera ture  by a t  
l eas t  20". 
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In the experiments  with MIPD, which were  ca r r i ed  out with three  
experimental  pipes (differing only in their  lengths), the specific heat fluxes 
were  172,000 and 431,000w/m2 in the pipe 0.880m (or  8 8 d )  long and 431,000 
and 740,000w/m2 in the pipe 0.640m (or  64d)  long. The  experiments  with 
the pipe 0.920m (92d)  long were  c a r r i e d  out at a heat flux of 431,000w/m2. 
Good agreement  between the data  of this  heat flux was  obtained f o r  all 
pipes. 

In the experiments  we determined the local  heat t r ans fe r  coefficient a t  
var ious  dis tances  f rom the inlet section. 

FIGURE 3. Comparison of the experimental and the calculated data: 

a - according to the equation Nu=0.017 ReO"Pr"' (q)*' [el: 

b -NU = 0 U?I Re0.' Pro"' [- [3]:p ~ ~ ) 0 ' p 5  
--Nu= 0.125 � Re Pr 

1- monoisopropyldiphenyl (MIPD): 2 - diphenyl according to /I/; 3 - Santowax 
OM according t o  / l k  4- Santowax R according to / I / .  

A s  is evident f rom F igure  2,a and b,  the Nussel t  number  and hence, the 
heat t r ans fe r  coefficient dec reases  sharp ly  over  the length of the pipe as 
the dis tance f rom the entrance is increased ,  and r eaches  constant values  
at a length I > 15-20 d. An i nc rease  in the heat flux causes  an inc rease  in 
the heat t r ans fe r  r a t e  ( a t  constant t f ) .  
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In comparing ou r  exper imenta l  data with r e s u l t s  calculated on the b a s i s  
of the equations proposed by var ious  au thors  (F igu re  3), we used the 
experimental  data obtained a t  1 > 50 d ,  i. e., in the pipe sec t ions  in which 
the effect of the inlet  conditions is completely eliminated. 

In all calculations, the the rma l  proper t ies  of MIPD w e r e  taken f rom / 11. 
T h e  data in F i g u r e  3 show that equations (1) give lower values of the 

heat t r ans fe r  coefficient a t  R e  > lo5 (in comparison with the exper imenta l  
values), while at  R e  < lo5,  the va lues  are higher. T h e  heat t r ans fe r  
coefficients calculated with the aid of equation (3) w e r e  lower than the 
exper imenta l  f o r  all R e  values.  S imi l a r  calculations based  on equation (2)  
showed that a t  R e  > lo5 and Pr between 4 and 8 the calculated values w e r e  
higher than the exper imenta l  (by about 1 2 % ) ;  a t  R e  < lo5 and Pr > 15  the 
d iscrepancy  inc reased  to 60 70. The  bes t  agreement  between the experi
menta l  and calculated data was  obtained by using equation (4). However, 
even in that c a s e  the d ispers ion  of r e s u l t s  ranged f r o m +  5 to -15%. 

In o u r  exper iments  the experimental  data w e r e  obtained a t  Pr numbers  
between 6 and 36 and R e  numbers  ranging f r o m  25,000 to 420,000. 

T h e  exper imenta l  data of / 7 /  a r e  also shown in F i g u r e  3. They  w e r e  
obtained at R e  numbers  between 20,000 and 300,000 and Pr numbers  between 
4.8 and 10.6. I t  is evident that mos t  of the exper imenta l  values of heat 
t r ans fe r  coefficients tosantowax R andsantowax OM a r e  lower than the values 
calculated by m e a n s  of equations (l), (3), and (4), within the whole range  
of Reynolds numbers  (between 20,000 and 300,000). 

T h e  exper imenta l  data f o r  diphenyl obtained in / 7 /  w e r e  higher than the 
values calculated by m e a n s  of all the above equations. 
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E. A. Krasnoshchekov, V. S. Protopopov, 
Wang Feng,  and I.V. Kuraeva 

EXPERIMENTAL STUDY OF THE HEAT 
TRANSFER IN THE SUPERCRITICAL REGION 
O F  CARBON DIOXIDE 

Experimental  data obtained at sma l l  t empera ture  gradients  1 1 , 2 / ,  i. e. , 
under conditions such that the changes in the physical p roper t ies  over  the 
s t r e a m  c r o s s  section a r e  smal l ,  a r e  descr ibed by equations valid for  heat 
exchange during turbulent flow of a liquid of constant physical propert ies .  
A s  shown in 1 I / ,  the bes t  agreement  with the experimental  data is obtained 
by using the equation 

Nu, = -Re Pr - 1 -___5 

8 12.7 1/ (Pr2/3-l) +1.07 


where 

5 - 1 
(1.82IgRe- 1.64y ' 

When the tempera ture  gradients  are such  that the physical p roper t ies  of 
the liquid change substantially a c r o s s  the s t r eam,  the heat t r ans fe r  is 
no longer descr ibed by (1). Nevertheless ,  if  the tempera ture  gradients  
a r e  re la t ively sma l l  and T,? 1.1 T,,,( r ange  of the heat capacity peak) while 
the throughput is la rge  enough (of the o rde r  of R e  > lo5), the theoret ical  
r e su l t s  calculated by assuming that the heat t ransfer  obeys the ru l e s  of 
convective heat t r ans fe r  in a single-phase medium of variable proper t ies  
a r e  in good agreement  with the experimental  data  / 41. The  empir ica l  
equations obtained f o r  the above conditions 11, 5/ descr ibe  with a sa t i s 
factory degree of accuracy  the available experimental  data. However, a t  
re la t ively l a rge  heat flux densi t ies ,  when Tf<Tm and Tw>>T,, the calculated 
r e su l t s  differ markedly  f rom the experimental  data, and the empir ica l  
equations yield values  of the heat t r ans fe r  coefficients which are too high. 

Phenomena, resembli-ng those cha rac t e r i s t i c  of liquid boiling in pipes, 
have a l so  been observed. These  compr ise  the conditions under which 
there  are sha rp  drops  in the local  heat t r ans fe r  coefficients /6/ (a  
phenomenon resembling the c r i s i s  in boiling), and conditions that lead 
(according to / 4 , 7 / )  to s t rong  p r e s s u r e  pulsations, noise, and an inc rease  
in the heat t r ans fe r  r a t e  ( resembl ing  the s t a r t  of boiling of an underheated 
liquid a t  subcri t ical  values  of the parameters ) .  Such heat t r ans fe r  
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conditions are crea ted  only when Tf<T, and T,,,>T,. Phenomena resembl ing  
the crisis in boiling occur  a t  re la t ively sma l l  throughputs (of the o rde r  of 
R e  < 8. lo4)  and moderately l a rge  heat loads, while pulsations and an 
inc rease  in the heat t r ans fe r  r a t e  are observed at high throughputs and high 
heat  flux densities. 

However, in spi te  of the l a rge  number of experimental  and theoret ical  
studies, the r u l e s  governing the heat t r ans fe r  in the supercr i t ica l  region 
have not been adequately studied, and no recommendations for  calculations 
have been published. We studied the heat exchange during turbulent flow 
of carbon dioxide of supercr i t ica l  p a r a m e t e r s  in pipes during heating and 
with la rge  tempera ture  gradients .  

The  experimental  sect ion consis ted of a s t ee l  pipe ( s t ee l  lKh18N9T) 
with an inner  d iameter  of 4.08. 10-3m and an external  d iameter  of 5. m. 
The  working sect ion of the pipe (length 1 =51  d )  was heated direct ly  by the 
passage through i t  of an al ternat ing current .  A section where hydrodynamic 
stabilization took place (length 1 = 49 d)  was placed before  the heated section. 
Measurements  of the s t a t i c  p r e s s u r e  were  m a d e  in the vicinity of the inlet 
and the exit of the heated section. 

The  tempera ture  of the carbon dioxide at the inlet and exit of the 
experimental  section was  determined by means  of copper- constantan 
thermocouples, the hot junctions of which were  placed in s ta in less  s t ee l  
capi l lar ies .  The  hot junction of the thermocouple nea r  the exit was  placed 
into the s t r e a m  axis ,  behind a mixing device consisting of an assembly  of 
spe cia1 diaphragms.  

The  wal l  t empera ture  was  measu red  by means  of nichrome-constantan 
thermocouples, the hot junctions of which were  welded to the ex terna l  
sur face  of the pipe a t  twelve points over  i t s  length ( a t  the s ide of the pipe). 
At three points ( I Jd  = 20, 30, and 40) additional thermocouples w e r e  fitted 
to the top and bottom gene ra t r i ce s  of the pipe. 

The  experimental  sect ion was  connected to a closed circulation sys tem.  
The  carbon dioxide was  pumped into the sys tem by means  of a g e a r  pump 
(without stuffing-box) with an electromagnet ic  drive. The  throughput of the 
carbon dioxide was  determined by measur ing  the p r e s s u r e  drop a t  the 
measur ing  diaphragm with a differential tensometr ic  manometer  1 8 1 ,  The  
p r e s s u r e  a t  the inlet to  the experimental  section and in f ront  of the 
measur ing  diaphragm was  measu red  with a s tandard p r e s s u r e  gage. 

The  local  values of the heat flux density a t  the inner  pipe wal ls  w e r e  
determined by measur ing  the e lec t r ica l  cur ren t  and the local  values of the 
e lec t r ica l  res i s tance  of the experimental  pipe. P r i o r  to measur ing  the 
cal ibrat ion was  c a r r i e d  out by plotting the tempera ture  of the pipe wall 
against the res i s tance .  

Exper iments  showed that the pipe is hydraulically smooth in the R e  range 
between 1-lo4 and 8 .  lo4.  In the R e  range f rom 1- l o5  to 6. l o 5  the fr ic t ion 
coefficient was  approximately constant ( E =  0.020). In the R e  range f r o m  
1. l o5  to  5- l o5  and a t  small tempera ture  gradients  ( f r f f  = 3.5-8.O"C) the 
heat t r ans fe r  to  carbon dioxide sat isf ied equation (1). We a l so  c a r r i e d  out 
experiments  under conditions of substant ia l  changes in the physical  
p roper t ies  of the liquid a c r o s s  the s t r e a m  and in the tempera tures  and 
throughputs ( Tw < 1.1 T, and R e  > 1. l o5 ) ,  for  which the equations hold 
/1,5/. The  r e su l t s  of these experiments  agree  well with the aboveequations. 
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The  main experiments  were  c a r r i e d  out a t  p r e s s u r e s  of 785 and 
981 n/ cmZak, a t  a mean ca lo r ime t r i c  t empera tu re  of the liquid l f  between 20 
and llO"C, a t  temperature  gradients  up to 500°C, and a t  heat f lux densit ies 
4 up to 2 . 6 .  1O6ww/m2. The  c h a r a c t e r i s t i c  cu rves  showing the changes in 
f f ,  tw. 4 ,  and the heat t ransfer  coefficient a over  the pipe length, at  l a rge  
temperature  gradients,  a r e  shown in F i g u r e  1. 

A s  is evident f rom F igure  1, I the inc rease  in the wall temperature  ove r  
the pipe length is much m o r e  pronounced than the inc rease  i n  the liquid 
temperature ,  and a corresponding s h a r p  dec rease  in the heat t ransfer  
coefficient is observed. In the wld r a t i o  range 	between 10  and 

Under the above conditions50 the dec rease  in a is by a factor  of about 2. 

t f  < t ,  and tw>>t,), the numerical  values of the heat t r ans fe r  coefficient 

w e r e  much lower than the values calculated by means  of equation (1). Thus,  
a t  xld = 40, t m =  40°C and I,= 483"C, the heat t ransfer  coefficient 
calculated by means  of equation (1) was about 5.6 t imes the experimental  
value. S imi l a r  resu l t s  were  obtained in the experiments  a t  a p r e s s u r e  
P =  785n /cm2  (F igure  1,W). 

FIGURE 1. Distribution of I f  ("C). f , ( 'C) ,  q(w/m2)  and a (w/m2.'C) over the length 
of the experimental pipe. 

I - P =  971n/cm2. G = 100kg/hr. and I f <  Im; I 1  - P .= 971n/cm2: G = 100kg/hr, 
and !f I11 - p = 971n/cm2. G = 53.5 kg/hr: I V  - p  = 185 n/cm2, G = 354kg/hr. 

The  data in F i g u r e  1,111 show that at  lower throughputs, when the liquid 
t empera tu re  is in the s a m e  range as in the experiments  shown in F i g u r e  
1,I,  N, the wall temperature  r ema ins  approximately constant over the 
pipe length (except for  the section a t  xld < 10) and the heat t r ans fe r  
coefficient has  an approximately constant value over the length of the pipe 
a t  xld > 10. 

* At p =  185n/cm2 I, = 33.4'C while a t  p = 981 n/cm2 t ,  = 44'C. 
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Thus  the changes of the heat t r ans fe r  coefficient over  the pipe length a t  
t f  <!, and tw>>t, m a y  be  of a different  nature ,  depending on the heat load 
and the throughputs of the fluid. At the same time, the numer ica l  values 
of the heat t ransfer  coefficient a r e  always lower than the values calculated 
using equation ( l ) ,  and the heat t r ans fe r  r a t e  dec reases  as the tempera ture  
gradient  is increased.  However, the dependence of the heat t r ans fe r  
coefficient on the flow rate (and the dependence of N u  on Re) under the above 
conditions r ema ins  the same  as the usual dependence in the case  of heat 
t r ans fe r  during turbulent flow in pipes ( a  is approximately proportional to 
Go.8 ). 

When I f  > I, (Figure 1, II), the heat t ransfer  on the pipe section with 
x/d > 10 r ema ins  pract ical ly  constant, and i t s  numer ica l  value is only 
slightly lower than the values calculated with the aid of (1). Thus,  i f  
t f  7 t,,,, as the tempera ture  of the liquid is increased ,  the heat t r ans fe r  
cha rac t e r i s t i c s  gradual ly  become m o r e  s i m i l a r  to those of heat t r ans fe r  
in gases .  

In o r d e r  to continue our analysis ,  we used experimental  data f o r  th ree  
sect ions of the experimental  pipe, with three  thermocouples  fitted to  each  
of the sections. 

When Tf < 1.1 T, and Tw>>T, (F igu re  2,a,  1 and 3) the difference between 
the experimental  values  and values calculated by means  of equation (1) 
increased  with increas ing  tempera ture  gradient. The  l a rges t  deviation 
was  observed a t  Tf =Tm and a t  high values  of Tw. In seve ra l  cases the 
experimental  values  of N u f  were  approximately one fourteenth of Nu,. No 
re l iab le  recommendat ions f o r  the calculation of heat t r ans fe r  under the 
above conditions have been published as yet. At Tf > 1.1 T, (F igu re  2,a, 
2 and 4) the temperature- induced changes in the physical p roper t ies  of the 
liquid a r e  much sma l l e r ,  and the effect of Tw T ,  on the heat t r ans fe r  r a t e  
is relat ively small. 

A genera l  dimensionless  equation descr ibing the heat t r ans fe r  within 
the whole investigated tempera ture  range  was  der ived by  assuming that the 
dependence of N u  on R e  and P r  r ema ins  the same as under conditions far 
removed f rom the cr i t ical ,  while the effect of the var iable  physical 
p roper t ies  m a y  be accounted for  by the introduction of cor rec t ion  f ac to r s  
that take into consideration the changes in the physical p roper t ies  a c r o s s  
the s t r eam.  An analysis  showed that the experimental  data  are general ized 
sat isfactor i ly  by  introducing into equation (1) two cor rec t ions ,  in t e r m s  of 
the density r a t io  ( ~ / p ~ ) ~ . ~and the heat capacity r a t io  (;&. f ) n  where-
cp = (iw- if)/(tw- t f )  is the mean integral  heat capacity in the tempera ture  range 
between t f  and tw. In that case, the value of the exponent n i nc reases  from I $ =  0.4 
atTwT,,<lto n=: 0.7at  Tf < T,and TwIT,,,=2.5. When Tf is increased  
f rom T, to 1.2 T, the above values  of n (corresponding to &/T,,,)dec rease  
to n = 0.4. In both c a s e s  n changed linearly. A s  a r e su l t  we obtained 
the following expressions:  
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FIGURE 2. Comparison of experimental values of N u f  with values CaIcu
latcd using equation (1) a t  various relarive wall temperatures TWIT, ( a )  
and wi th  values calculated using equation ( 2 ) ( b ) .  

1-9 I1n /cmz .  r f <  1 . 1 ~ ~ .2-971n/c1ilZ, r f  > 1 . 1  7,: 3 -775n /cm2 .
rf < 1.1 T,; 4 - l75n/cmz.  rf > 1.1 T, 

where  

n = 0.4 a t  T, T, 1 or T f  T ,  2 1.2: 
n = n 1 = 0 . 2 2 + 0 . 1 8 ( T , T , , )  a t  I gTwT,,<2.5: 

n = n l + ( 5 n , - 2 2 ) ( 1 - T f T , ,  at l < T f  T,,&l.2.  

Equation (2 )  g ives  co r rec t  values within the following ranges: 8 .  l o 4  < 
< R e f <  5- lo5; 0.85 < P r f <65; 0.09< p V o f  < 1.0; 0.02 < < c O f  < 4.0; 
0.9 < T,Tm< 2.5; 4.6- l o 4  < 9 < 2.6.106w/m2; u/d z 15. 

T h e  experimental  data  (F igu re  2,b) are descr ibed  by equation (2), the 
maximum deviation being k2070. 

However, i t  should be  mentioned that at Tf GT,,, and TW>>T,the wall 
t empera ture  depends on the heat flux density to a power much higher than 
unity; thus, the e r r o r  in the calculation of T,(at given q. T f  and Re) will 
be  much g r e a t e r  than in the calculation of o (at given T,, T f ,  and Re). 

In  the tempera ture  range T,& 1.1 T ,  or Tf x 1.2 T, our experimental  
data, as well as the data  of / 1 , 2 ,  5 ,9 /  ag ree  well both with equation (2) 
and with the equations in 11, 51. 

F o r  prac t ica l  calculations (when the heat flux densi ty  is given and i t  is 
requi red  to de termine  the wall temperature) i t  would be  convenient to have 
t,as a function of q and I f  in an explicit form.  To  this  end, we used 
equation (2) to calculate  and plot 9d0.2/(pw)0.uas a function of t ,  and t f  
(F igu re  3). T h e  calculated curves  were  co r rec t ed  on the b a s i s  of the 
exper imenta l  data. 

T h e  cu rves  in  F i g u r e  3 show the s a m e  qualitative relat ionships  as in  
141. However, the wal l  t empera ture  range studied in 141 was f r o m  
T f z T mto  TwTm= 1.4. The  r e su l t s  in F i g u r e  3 are f o r  the region up to 
T a n ,= 2 . 5 .  T h i s  made  i t  possible to r evea l  a number  of interest ing 
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f ea tu res  of heat t r ans fe r  a t  large tempera ture  gradients in the case  of great  
changes in the physical propert ies  of the liquid a c r o s s  the s t r eam.  

A 

LO 

as 

n 
.?& 3uu VCW tw:c 

qd0.' (w/m2).  m0.' 
as a function of theFIGURE 3. A plot of A = 

( p ~ ) ' . ~  (kg/m2. hrp'  
wall temperature I ,  'C and the fluid temperature I f%.  for the case of 
carbon dioxide a t  p = 981 n/cm2. 

1- I f =  30; 2 - 4 0 ;  3 - 5 0 :  4 - 6 0 ;  5 - 7 0 :  6 - 8 0 ;  7 - 100; 8 
150; 9 -200; 1 0  - 250; 11- 300.C. 

The slope of the curves  for tf = const. a t  tw-tf cha rac t e r i zes  the heat 
t r a n s f e r  in the case  of af luid of constant physical properties.  The  change 
in the slope of the curves  with increasing tw i s  explained by the effect of 
the variable physical  propert ies  of the liquid; the change in the propert ies  
is most  pronounced at t empera tures  close to t ,  (at p = 981n /cm2  and tf 
between 20 and 60°C), while at higher tempera tures  the change is much 
sma l l e r .  Hence, the curves  fo r  f f  = const. intersect  a t  relatively high 
wall t empera tures .  

The  curves  in F igu re  3 show the peculiar cha rac t e r  of the changes in 
the wall t empera ture  over the pipe length at a given heat flux density. At 
relatively sma l l  values of q and relatively large values of pw (e. g . ,  a t  
p = 981 n /cm2  and qd0.2/(pw)o.8_<0.9), the wall t empera ture  inc reases  
monotonously with increas ing  I f ,  i. e . ,  over the pipe length. At relatively 
large values of q and relat ively sma l l  values of pw, the changes in t ,  a r e  
no longer monotonous. The  w a l l  t empera ture  inc reases  over the pipe 
length and at  t f z t ,  i t  r eaches  a maximum value, then dec reases ,  and 
inc reases  monotonously again at higher t f  values. Thus, a local  dec rease  
in the heat t r ans fe r  r a t e  is observed under the above conditions at  t f  = t,. 
If at the above p r e s s u r e  qdo.2/(pio)o.8= 0.93, the wall t empera ture  r ema ins  
practically constant when tf is increased  f rom 40 to 70°C ( the region in 
which the curves  f o r  t f  = const. intersect) .  The  same  behavior was also 
observed in the experiment described earlier (see F igure  1,111). 
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S y m b o l s  

I - length, m; x - distance f r o m  the s ta r t ing  point of the heated sect ion,  
m; d - diameter  of the experimental  pipe, m ;  T, and t , - t empera tures  
of the inner  pipe surface,  "K and "C respect ively;  Tf and t f  - m e a n  
ca lor imet r ic  tempera tures  of the liquid at the given pipe section, "K and 
"C respect ively;  T, and t ,  - t empera tures  corresponding to the maximum 
heat capacity a t  the given p res su re ,  "K and "C respect ively;  G - through
put of fluid, kg/ hr ;  p w -m a s s  velocity, kg/ m2. hr ;  Nu,  -Nusse l t  number,  
as determined by  means  of equation (1) at a tempera ture  t f ;  N u f -
Nusse l t  number  a t  a tempera ture  t f ;  E - f r ic t ion coefficient; pc .  p f  

~densi t ies  a t  t, and t f ;  c ~-,heat capacity a t  a constant p r e s s u r e  and at t f .  
kj/ kg, "C; ;p = (iw- i f  )/(tw--tf )-mean in tegra l  heat capacity in  the tempera ture  
range  between I f  and t,v; i, and if - enthalpy at tw and t f  respect ively,  kj/ kg. 
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E .  N .  Dubrovina and V. P. Skripov 

CONVECTIVE HEAT TRANSFER IN THE 
SUPERCRITICAL REGION OF CARBON 
DIOXIDE 

The existence of noticeable maxima in the heat t ransfer  coefficient on 
i so therms and i sobars  in the supercr i t ica l  region a t  sma l l  t empera ture  
gradients  i s  attributed to a re la t ionship between the heat t ransfer  and the 
thermal  proper t ies  of the substance. The thermal  expansion coefficient 
p. the compressibi l i ty  coefficient, the heat capacity c p ,  and the thermal  
conductivity h have maxima near  the c r i t i ca l  point. 

The Nussel t  number N u  is a dimensionless number character iz ing the 
heat t ransfer :  

a1NU= 
1 ’  

where a i s  the heat t ransfer  coefficient; 
1 is the charac te r i s t ic  dimension, and 
h is the thermal  conductivity coefficient. 

According to the theory of similari ty,  the relationship between the heat 
t ransfer  coefficient and the thermal  proper t ies  of a substance i s  expressed  
a s  follows: 

where the dimensionless Grashoff and P rand t l  numbers  a re ,  respectively: 

Gr = 	@Yt1 
The exact nature  of function f i s  usually determined by experiment.  

The  first experiments  on the heat t ransfer  nea r  the c r i t i ca l  point were 
ca r r i ed  out in 1939 by Schmidt,  Ecker t ,  and Grigul l  / 71. In 1960 Schmidt 
181 ca r r i ed  out a s e r i e s  of experiments  with carbon dioxide and ammonia,  
and found that near  the c r i t i ca l  point (of the gas) the heat t ransfer  by 
na tura l  convection becomes ex t remely  rapid. A grea t  increase  in the heat 
t r ans fe r  coefficient during f r e e  convection in the supercr i t ica l  region was 
a l so  observed by Doughty and Drake / 11. 
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W e  continued with the experimental  studies s ta r ted  by Skripov and 
Potashev 191. In heat t ransfer  studies,  the sys t em m u s t  be taken out of 
the thermodynamic equilibrium state  and a t empera tu re  gradient must  be 
created.  The  s m a l l e r  the disturbance [of the equilibrium], the m o r e  
pronounced is the extrema1 cha rac t e r  of the heat t r ans fe r  coefficient near  
the c r i t i ca l  point. The  above s ta tement  is doubtlessly c o r r e c t  s ince i t  is 
well known how sha rp  the maxima of the heat capacity and the rma l  
expansion become when the c r i t i ca l  point is reached f r o m  supercr i t ica l  
temperatures .  Thus,  in o u r  experiments  the t empera tu re  gradient was, 
as a r u l e ,  about 0.5"C. 

The  heat t r ans fe r  by natural  convection was studied f o r  ver t ical  and 
horizontal  orientations of a thin platinum filament with r e spec t  to the direction 
of the gravi tyforce.  T h e  dimensionless heat t r a n s f e r  equation compr i se s  a 
t e r m  for  the charac te r i s t ic  length of the heating surface.  The sma l lnes s  
of the difference between the r e s u l t s  obtained with the ver t ical  and horizontal  
f i laments  shows that both c a s e s  mus t  b e  character ized by the s a m e  l inear  
dimension. The  channel diameter ,  equal to 4 0 m m ,  was taken as the 
charac te r i s t ic  length. 

Since the relationship between the heat transfer coefficient and the 
the rma l  p a r a m e t e r s  is reduced to the effect of these p a r a m e t e r s  on the 
nature  of the na tu ra l  convection, it would be of in te res t  to examine the 
changes in the nature  of the convection in the vicinity of the heated fi lament 
in the supercr i t ica l  region, a s  induced by changes in temperature ,  p r e s s u r e ,  
and temperature  gradient.  

The  heat t ransfer  in the supercr i t ica l  region was studied with carbon 
dioxide (according to Michels / 101, the c r i t i ca l  t empera tu re  and p r e s s u r e  
of carbon dioxide a r e  31.04"C and 7 .38  .1O6n/m2, respectively).  Analysis 
of the gas  obtained by the alkali  absorption method showed that the carbon 
dioxide used was 99.7 70 pure.  

The  experimental  apparatus consisted of a chamber  with a thermostat  
and p r e s s u r e  regulation system (F igure  I ) ,  a measu r ing  device, and an 
optical device. 

The  experiments  were  c a r r i e d  out in a s ta in less  s tee l  chamber  i m m e r s e d  
in a water  thermostat  (15 l i ter) .  The  required temperature  of the water  
in the thermostat  was maintained manually, using a heater  and a cooler,  
and was controlled by means of a m e r c u r y  the rmomete r  with 0.1"C 
graduations ( a  magnifying glass  was used to take the readings).  The  
t empera tu re  fluctuations in the thermostat  were  f 0.01"C. Before the 
measu remen t s ,  the chamber  was heated for  2 to 2.5 hours  a t  the 
experimental  temper  at  u r  e. 

T h e  chamber  contained two cylindrical  channels: a ver t ica l  channel (1) 
and a horizontal  channel (8); each channel had a diameter  of 40" and a 
length of 120". T h e  two channels w e r e  connected by an inclined bo re  
( 6 ) .  T o  pe rmi t  visual  observations of the convective s t r e a m s  in the vicinity 
of the heated fi laments,  the chamber  was fitted with two thick g l a s s  
windows (30 m m  in diameter  and 11m m  thick with teflon seals (3), 
and a cen t r a l  g l a s s  window (9). During the a s sembly  the end windows 
were  fitted into flanges (4) and (7), and fastened with internal  nuts 
by means  of a spec ia l  wrench. A sufficiently high p r e s s u r e  inside the 
chamber  caused self- sealing of the windows. 

In o u r  experiments  a thin platinum filament (with a diameter  of 291.0 
se rved  as a hea te r  and a s  a r e s i s t ance  thermometer .  One end of the 
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fi lament was  fastened and soldered to a copper wi re  passing through the 
teflon cylinder ( l o ) ,  while the second end was soldered to  rod  (13). Two 
supports  (12), made of s ta inless  s t e e l  with a diameter  of 2 m m ,  were  set 
in the flange (2). The  support  ends were  p re s sed  into the r ing  (5). A rod  
(13) with a sp r ing  and two nuts  ( t o  regulate  the tension of the fi lament) 
passed through the cen te r  of the ring. The  cu r ren t  conductor was  sealed 
and insulated with the aid of the cylinder (10) fitted to the flange (2);  the 
cylinder was  p re s sed  into place by means  of a nut (11). 

1’ ‘ 
FIGURE 1. Vertical cross section of the chamber and the part with the platinum 
filament. 

One of the p a r t s  with the platinum filament was fitted into the ver t ica l  
channel and the other  into the horizontal  channel. 

A di rec t  cu r ren t  f r o m  a s e r i e s  of s torage ba t te r ies  was  supplied to the 
platinum filament.  A s tandard r e s i s t o r  (10 ohm), a r e s i s t ance  box, 
and a control  mi l l i ammete r  were  connected in s e r i e s  with the filament. 
The  cu r ren t  was measu red  by means  of the PPTV-1  potentiometer.  T h e  
r e s i s t ance  of the fi lament was calculated using the equation 

where V, is the voltage drop ove r  the working section; and 
V s is the voltage drop on the s tandard res i s tor .  

T h e  p r e s s u r e  required in the chamber  was  produced by changing the 
t empera tu re  of a s tee l  cylinder fi l led with liquid carbon dioxide. 

The whole p re s su r i zed  sys t em was sepa ra t ed  by fou r  needle valves into 
three sections:  the chamber,  the cylinder containing the liquid carbon 
dioxide ( in  the TS-15M thermostat) ,  and a p r e s s u r e  gage with a blowdown 
valve. The  working chamber  and the p r e s s u r e  gage could be disconnected 
f r o m  the r e s t  of the system, since the p r e s s u r e  establ ished in them 
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remained constant over  a long period. The  p r e s s u r e  w a s  measured  with a 
s tandard  spr ing  p r e s s u r e  gage (0.35 precision class)  with a s ca l e  of up to 
250 kg/ cm2. 

Before the measurements  were taken the platinum filament was heated 
in air by passing a - 300mamp cu r ren t  through it f o r  7 hours. The  
fi lament d iameter  was determined at  s e v e r a l  points by means  of a ve r t i ca l  
displacement measur ing  device ( IZV- l ) ,  and by turning through 90". The  
effective d iameter  was calculated using the equation 

where d,,,  and d,,, a r e  the average d i ame te r s  at two positions of the fi lament 
differing by 90" (when turned around the axis);  (d,,,=28.8 p, d,,,=29.5 p, 
deff =29.2 p). Assuming that the c r o s s  section of the fi lament is a c i rc le  
with a d iameter  equal to the effective d iameter  let u s  determine the la te ra l  
surface of the filament (the heating surface) 

In the first s e r i e s  of experiments we determined the dependence of the 
heat t r ans fe r  coefficient on the p r e s s u r e  and on the 31.5, 32.0, 34.0, and 
37°C i so therms,  a t  a tempera ture  gradient of 0.40-0.60"C and in the 
p r e s s u r e  range of (6-10).  1 0 6 n / m 2(F igure  2). 

The specific heat flux and the heat t r ans fe r  coefficient were calculated 
using the equation 

where V, and V, a r e  the voltage drops on the s tandard  and the measu red  
r e s i s t o r s ,  R ,  i s  the standard r e s i s t o r  (10 ohm), F i s  the heating 
surface,  and 

a =  	A.  
At 

The voltage drop on the platinum filament and the standard r e s i s t o r  were  
measu red  with the PPTV- 1 potentiometer. A m i r r o r  galvanometer  with 
a sensit ivity of 1.8- l o e 9  amp was used a s  the z e r o  indicator. 

The  tempera ture  gradient w a s  determined a s  follows. For each  isotherm 
at  a p r e s s u r e  of 6- 106n /m2 ,  we recorded  the dependence of the fi lament 
r e s i s t ance  R.on the cu r ren t  i. At low heat loads R ,  was a l inear  
function of i'. Graphical extrapolation of the s t ra ight  line for  R,=ai2 to 
i = 0 yielded Ro which corresponded to the ambient tempera ture  in the 
chamber. 
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FIGURE 2. Dependence of the heat transfer coefficient a (w/m2. deg.)  (for the hori
zontal filament). 

a - on the pressure (n/m2) for isotherms in the supercritical range: 1- 31.5; 2 
32.0; 3 - 34.0; 4 - 37.0"C; b - on the temperature gradient At  for three isobars: 
I - 13.10~;I1 - 8.106; I11 - 9.3.106n/m2; c-dependence of the specific heat flux 
q(w/m*) on the temperature gradient A t  for the above isobars. 

Thus  the tempera ture  gradient is given by 

At t empera tu res  between 30 and 50°, the value of B ( the tempera ture  
coefficient of the platinum resis tance)  was equal to 0.38 ohm/ degree.  

The  curves  in F igu re  2 have clear ly  defined maxima. The  n e a r e r  the 
tempera ture  of the i so therm to the cr i t ical ,  the higher the maximum. When 
the tempera ture  is increased,  the p r e s s u r e  corresponding to the maximum 
at  a tempera ture  gradient of 0.5OC shifts to the side of higher values. Even 
at a tempera ture  differing f rom the c r i t i ca l  t empera ture  by 6OC (i.e . ,  the 
37.0"C isotherm),  the heat t r ans fe r  coefficient is higher (by a factor  of 
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m o r e  than 2) than in the c a s e  of a monotonous transit ion through the region 
of the maximum. 

The  data in Table  1 show that the values of Q and q for  the ver t ical  
f i lament a r e  lower than for  the horizontal. Values of the heat t ransfer  
coefficient (1 and the specific heat flux q at the point of maximum n a r e  
presented in Table  2 ( for  4 isotherms).  The  values of a and q dec rease  a s  
the t empera tu re  r ecedes  from the c r i t i ca l  temperature .  

TABLE 1. Dependence of the specific heat  flux q and the heat  transfer coefficient ~1 on the  pres
sure (on the 31.5"C isotherm) 

Horizont, filament Vertical filament 

"p .10-6 
n/m2 

A t ,  *C 
-10-3 
w/mz 

m . l o -$  
w/m+c At ,*c I )  .10-3 

w/mz 
.lo-' 

w/m2-*C 

Y ,253 0.51 0.44 0.79 0.54 0.27 0.50 
6.54 0.51 0.46 0.91 0.50 0.30 0.60 
6.82 0.48 0.56 1.17 0 S O  0.39 0.11 
6.97 0.60 0.78 1.26 0.53 0.54 1.03 
7.22 0.50 0.82 1.65 0.50 0.67 1.34 
7.58 0.51 5.36 10.50 0.47 2.78 5.90 
7.60 0.51 6.28 12.31 0.52 4.96 9.63 
7.64 0.54 5.86 10.58 0.49 3.97 8.11 
7.70 0.47 2.75 5.86 0.50 1.88 3.79 
7 .84 0.50 1.99 3.97 0.50 1.52 3.04 

- - -8.09 0.50 1.73 3.47 

9.07 0.48 1.48 3.18 0.49 1.49 2.99 

9.61 0.48 1.39 2.98 0.49 1.33 2.64 


TABLE 2. Maximum values of q and a on the  various isotherms a t  a temperature 
gradient of 0.5"C 

Process parameters Horizontal filament Vertical filament 
.. 

'chamber P m a x '  10-6 ulmax.lo-$ 10-~ q m a x .  1 0 - ~I max. 
O C  n/m2 w/m2 w/m2."C w/mZ w/m2. "C 

.-

31.5 7.60 6.2 12.4 4.95 9.9 
32.0 7.68 5.9 11.8 4.4 8.8 
34.0 8.00 4.5 9.0 3.2 6.4 
37 .O 8.61 3.2 6.4 3.0 6 .O -___ 

The  heat t r ans fe r  coefficient for  the ver t ica l  f i lament in the region of the 
maximum was lower than that reported in / 91. The  difference could 
probably be attr ibuted to the fact  that the thermostat  conditions in / 9 /  were 
not sufficiently good, and a s  a resu l t  an additional overal l  convection was 
c rea t ed  in the chamber  a t  the transit ion p r e s s u r e .  

The cu rves  in F i g u r e  2,b are for  a t empera tu re  of 34°C. Curve I shows 
that a change in the temperature  gradient up to At = 10°C causes  no 
noticeable change in a; curve I1 corresponds to the maximum heat t r ans fe r  
coefficient a t  a temperature  gradient A t  = 0.5"C. In these c a s e s  a n  i nc rease  
in A t  causes a rapid dec rease  in  a. Changes in the t empera tu re  and p r e s s u r e  
have a par t icular ly  s t rong effect on the heat t r ans fe r  coefficient in the 
region in which the coefficient has  the maximum value. Curve I11 shows 
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the dependence of a on A t  along a higher isobar .  The  p r e s s u r e  p,,, = 
= 8.3.  1 0 6 n / m 2is higher than p,,, but is s t i l l  sufficiently c lose  to it. Curve  
I11 has  a maximum which shows that maximum heat t r ans fe r  m a y  be  achieved 
by changing the s ta te ,  not only along the isotherm,  but a l so  along the isobar .  

T h e  tempera ture  c r i te r ion  in the experiment i nc reases  with increas ing  
A t ,  in spi te  of the fact that the chamber  tempera ture  r ema ins  constant. In 
the case  of sma l l  t empera ture  gradients ,  the tempera ture  c r i te r ion  m a y  be 
taken as 

i =fa+-. A f  
2 

All the curves  in F igu re  2, c show the inc rease  in the heat flux with 
increasing A f ,  again for  the 34°C i so therms.  Close to the origin of 
coordinates, the mos t  rapid inc rease  in the heat flux occurs  along the 
i sobar  p 2 = p ( a m a x ) .  On isobar  111, an inflection point ex is t s  at a cer ta in  A t ;  
i t  cor responds  to  the maximum a on the a(Af) curve,  and the specif ic  heat 
flux on the above i sobar  a f te r  the inflection point is higher than on the 
i sobar  IT, corresponding to a p r e s s u r e  pmrr. 

A comparison of the values of the heat t ransfer  coefficients f o r  the horizontal 
and ver t ica l  f i laments  a t  a tempera ture  gradient  of 0.5"C shows that the ahorlaver[ 
r a t io  is about 1.5 a t  p r e s s u r e s  of 6 - 7 .  106n/m2and about 1.1 a t  p re s su reso f  
9 - 1 0 .  106n/m2.  Nosharpdeviat ionof  theah0, /avenrat io(fromthe above ranges)  
is observed in the region of the ex t reme values. 

During the experiments  we observed the s ta te  of the carbon dioxide in 
the middle pa r t  of the chamber .  The  convective s t r e a m s  were  observed 
on a sc reen  using a condenser  and a sys tem of lenses. A 25w lamp se rved  
as the light source.  By moving the lens, i t  was possible to  br ing  into focus 
ei ther  the ver t ica l  o r  the horizontal filament. The field of observation 
within the chamber  was  a c i r c l e  15- 10-3m in diameter .  A "Start" re f lex  
camera ,  without lens  and loaded with A-2 highly- sensi t ive photographic 
film, was  fitted in place of the sc reen  when photographic p ic tures  of the 
convection pat tern w e r e  to b e  taken. 

No convection in the vicinity of the f i laments  was  observed a t  a p r e s s u r e  
of 6.  106n/m2.  Slightly curved s t r eams ,  running along the ver t ica l  f i lament  
with a per iod of 10-15 sec ,  appeared when the p r e s s u r e  was  increased  to 
6.8. 106n/m2.  The  c lose r  the p r e s s u r e  to pm.x, the m o r e  frequently do these 
s t r e a m s  appear ,  and they become curl-shaped. Finally, at the maximum 
point, the convection becomes  turbulent with fine twists ( the  tempera ture  
gradient  is maintained at 0.5"C). Continuous motion takes  place nea r  the 
ver t ica l  filament, with eddying and curling of the convective s t r eams .  At 
small A t ,  the motion is confined to the vicinity of the filament. 

As  A t  is increased ,  the shape of the convective s t r e a m s  changes and the 
region affected by the convection is extended. At la rge  At (of the o rde r  of 
20-40°C), the convective s t r e a m s  become very  fine and they cover  the 
whole field of observation. 

At a tempera ture  gradient  of 0.5"C, the heat t ransfer  coefficient drops 
when the p r e s s u r e  is increased  beyond pmax. The  convection along the 
ver t ica l  filament s lows down and becomes confined to the immediate  
vicinity of the filament; the convective s t r e a m s  again become curl-shaped. 

At a tempera ture  gradient  of 0.5"C, the convective s t r e a m s  round the 
horizontal filament can only be  observed under conditions corresponding 
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to the maximum heat t ransfer  coefficient. T h e  convection apparently has 
the form of a fi lm which loses  its stabil i ty and is divided into sepa ra t e  
s t r e a m s  outside the field of observation. In the case  of the 31.5"C isotherm,  
there  were  occasionally s t rong convective s t r e a m s  of a turbulent nature  
around the horizontal filament. At large A t  (10-20aC), w e  observed two 
types of convective s t r e a m s  which replaced each other: the usual turbulent, 
and a m o r e  ordered jet-l ike s t r eam.  At a chamber  temperature  of 31.1"C 
(which is very close to the c r i t i ca l  temperature) ,  we observed opalescence 
( a  dark band in the middle that covered the fi lament).  Straight s t r e a m s ,  
a lmost  perpendicular to the fi lament,  suddenly r o s e  ove r  the whole field of 
observation. Reversion to a typically turbulent convection, with fine c u r l s  
over  the filament, took place subsequently. At a At of 3O-4O0C, the two 
types of s t r e a m s  are found simultaneously in adjacent sections.  

An interesting occurrence at  the horizontal  f i lament is observed when 
the cu r ren t  is switched on. A "string" divided into sma l l  cells sepa ra t e s  
f rom the filament. Th i s  cellular s t ruc tu re  appears  because of the hydro
dynamic instability of the moving heated "string. ' '  

The conventional method of presenting heat t ransfer  data a s  a function 
of the thermal  propert ies  of the substance and the system p a r a m e t e r s  
involves the u s e  of dimensionless equations. In an attempt to u s e  equation 
(2), we found that no sufficient data a r e  available for  the near -cr i t i ca l  s ta te  
of carbon dioxide. The tabulated data a r e  presented for  temperature  and 
p r e s s u r e  points spaced f a r  apa r t  f rom each other.  Hence, only a few 
points were  taken into account. T h e  data obtained a r e  shown in Table  3. 
The  values of the viscosi t ies  and thermal  conductivity coefficients, a s  well  
as that of the heat capacity cp (through the P r a n d t l  number) were  taken f r o m  
the work of Michels / 11,12/ .  The  compressibi l i ty  coefficient p and the 
density p were found by using the equations of s ta te  of CO, proposed by 
Kazavchinskii and Katkhe / 1 3 / .  The  equation was calculated on the 
electronic  digital computer "Ural- 1" for  a s e r i e s  of supercr i t ica l  isotherms.  
For the las t  two i so the rms ,  a correlat ion w a s  made  (with r e spec t  to the 
p re s su re )  of the maximum heat exchange coefficient n with the maximum 

A and (--s)r. 
TABLE 3. TheNusselt number (Nu), the product Gr .  Pr and their logarithms for helium and for the 
various states of carbon dioxide 

I .  	'C P .  10-5 N u  lg N u  Gr . pr g G r . P r
n/m2 

34.0 1.0 3.7'10' 2.51 3.1.10' 2.5 
20.0 1 .o 5.2.10' 2.12 3.6.10' 4.55 
32.0 61.0 1.1.io3 3.04 1.4.109 9.15 
34.2 91.0 2.0. io3 3.30 5.5.10' 9.74 
32.2 76.8 3.6. io3 3.56 7.0' 1011 11.85 
34.2 80.0 3.9'103 3.59 1.4.10" 11.15 

- -.-

In o u r  experiments,  the product G r - P r  f o r  carbon dioxide var ied over 
a wide range - f r o m  3.6- lo4 to IO1'. Turbulent convection was observed 
within the above range. Th i s  is in good agreement  with the commonly 
accepted value of G r - P r >  1000 for  convection in a confined space /14/. I n  
contrast  to the usual conditions, the convection appeared a t  low At in o u r  
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experiments.  At lower values of the product G r . P r ,  the heat exchange 
took place by  molecular  t he rma l  conductivity. T h i s  was  the case  in  the 
exper iments  with helium. 
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V.N.  Popov 

THEORETICAL CALCULATION OF THE 

HEAT TRANSFER AND FRICTION RESISTANCE 

FOR CARBON DIOXIDE IN THE SUPER- 

CRITICAL REGION 


The  method of calculation of heat t ransfer  and fr ic t ion r e s i s t ance  used 
in the present  paper  has  been developed and descr ibed in detail  in / 11. T h e  
heat t ransfer  calculations a r e  based on an analytical  expression for  the 
Nussel t  number which w a s  derived in /1/ for  the c a s e  of steady, axi
symmetr ical ,  turbulent flow of a noncompressible fluid of var iable  physical 
propert ies  in pipes. 

where 

Equation (1) is valid for  a pipe section a t  some distance f rom i t s  inlet, 
i. e . ,  for a section in which the hydrodynamic and the rma l  boundary l aye r s  
a r e  	superimposed. 

Equation (1) is based on the following assumptions: 
1) the changes in the axial  component of the m 8 s s  velocity pwX along the 

pipe axis  x a r e  sma l l ,  i.e. ,-C@Q =o; 
ax 

2) the p r e s s u r e  p is constant a c r o s s  the pipe; 

3) the longitudinal enthalpy gradient e is constant a c r o s s  the pipe c r o s s  
dh dx  

section, 	i. e. , -= f ( x ) ;  
ax 

4) the density of the axial  heat flux, which is a function of the the rma l  
conductivity, is s m a l l  compared with the density of the r a d i a l  heat flux; 

5) the effect of m a s s  fo rces  and of kinetic energy dissipation is negligible. 
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The  t e r m  %, i n  (1) was  calculated by  the Goldman method, by which the 

coefficient of turbulent t ransfer  of momentum in the c a s e  of var iab le  
physical  p rope r t i e s  may  b e  calculated by using the s a m e  express ions  f o r  
constant physical  p roper t ies ,  but the express ions  mus t  be  writ ten in t e r m s  
of cer ta in  new variables.  We used the equations derived by Reichard t  / 2 /  
as the express ions  describing constant physical  properties:  

In calculating -? f o r  variable physical p roper t ies ,  we used equation ( 2 )" 
in which the var iab le  q+,(proposedby Goldman) was  substi tuted fo r  1 ,  

Y 1 W  

I+= $= -dsw ( 3) 
0 0 

where  

In this paper  we assumed that eq = E, , i. e. ,, that p = 1. 
In calculating the value of N u ,  we s e t  as the s t a r t i ng  p a r a m e t e r s  the 

U*ro 
p ,  T,, q,d and the dimensionless pipe rad ius  qow= +. By using the method 

W 

of success ive  approximation, we then found the prof i les  of tempera ture ,  
E ,velocity, -, and Reynolds number Re,= p; -d . These  values being known, 
V P W  

we were  then able to calculate Nu, as well as the r e s i s t ance  coefficient E,, 
s ince  

It should be  noted that on the bas i s  of (4) and the equation f o r  the axial  
component of the velocity 111, i t  is possible to der ive  an  analytical  
express ion  f o r  the friction res i s tance  coefficient E, during turbulent flow of 
a noncompressible fluid of var iab le  physical  p rope r t i e s  in a pipe a t  s o m e  
distance f r o m  the inlet ( the expression is presented  below without i t s  
derivation): 

* The appropriate equations for temperature, velocity. 4 , and Reynolds number, which were used in  the 

calculations, have been presented in  /l/. 
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Resul ts  of the calculation of N u ,  and i w  for  
carbon dioxide in the supercr i t ica l  region 

T h e  heat t ransfer  and friction r e s i s t ance  for  the c a s e  of carbon dioxide 
w e r e  calculated for  p = 98.1 . lo5n/  m2:ic, for  three values of -qow and five 
values of Tw (F igu re  1 ) .  Only the c a s e  of heating ( q w  > 0) was dealt  with. 
F o r  each pair  of qowand Tw values w e  se t  s e v e r a l  values of qwd, in such a way 
that the mean ca lo r ime t r i c  t empera tu re  Tf had s e v e r a l  successive values in 
the range from Tw to - 30°C. The  physical propert ies  of carbon dioxide used 
in the calculations were taken from those s a m e  sources  used in /3,4/. In  
F i g u r e  1 ,  N u o w  i s  the Nussel t  number calculated from the relation N u = N u o  
(Re,  Pr) derived for  the c a s e  of constant physical properties'::':', in which 

Re',= Re, !J was used a s  the Reynolds number,  and Pr a s  the Prandt l  
P f

number.  

FIGURE 1. Calculated values of the heat  transfer for carbon dioxide a t  1.' = 98.1'105 n/m2 

1, 2, 3. 4 ,  5 - at T,= 3 5 ,  45, 50, 7 0 ,  lOO"C, respectively: 'low= 445; 6 ,  7 ,  
8 ,  9. 1 0 - the same,  l o w =  2370; 11, 12,  13. 14,  15 - the  same;qOw= 19,050 

F igu re  1 ,a  shows that a s  a resu l t  of the effect of temperature  on the 
physical propert ies ,  the heat t r ans fe r  under the conditions s e t  for  the 
calculations may change by a factor  of m o r e  than three. 

T h e  calculated heat t ransfer  data were  generalized on the b a s i s  of the 
following considerations.  T h e  changes in the numera to r  of integrand ( I ) ,  
which desc r ibes  the temperature  dependence of the physical p rope r t i e s ,  
a r e  negligible, s ince during turbulent flow, the m a s s  velocity profile i s  

At p = 98.1. lo5n/m2 the heat  capacity of carbon dioxide reaches its maximum at about 44°C. 
* *  	The  results obtained in the  calculation of Nu for constant physical properties over a wide range of Pr and 

Re, and the interpolation equation describing those results. are presented in /l/. 
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fully developed. Assuming fi = 1, the denominator of the integrand in (1) 
may be  writ ten as follows: 

The  effect of the var iable  na ture  of the physical p rope r t i e s  on the "-
V 

ra t io  in (6) is charac te r ized  by the ra t io  q'lqw, which may be  expressed  

direct ly  by the var iable  physical p rope r t i e s  in the following way. Let u s  
deal with the integral  in (3 )  by par ts :  

o r  

q+/qw= z - dz, 
q W  

where 

When z changes f rom 1 to z ,  the -ra t io  in (7) changes f rom 0 to 1. Let 
Y W  

u s  a s sume  that the above ra t io  is approximately constant and equal to xl. 

Then 

Thus,  the change in N u ,  associated with the effect of the var iable  

physical  p rope r t i e s  on 5,may be accounted f o r  ( in  an approximate way) 
V 

by means  of the pa rame te r  J, , 

J , = ( l - x l ) *  p+.,.
Pf Pw 

The dependence of Nuwon the var iable  ratio-pr w  whichis a t e r m  in ( 6 ) ,Pr" 
may be accounted fo r  approximately by means  of the pa rame te r  Prw/Prin 
which % is the mean integral  value of the P rand t l  number  in the tempera
ture  range  between T,and T,. However, since in the supercr i t ical  region 
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the tempera ture  dependence of A and p is s imi l a r ,  the p a r a m e t e r  e,,/<, 
which is m o r e  convenient f o r  calculations, m a y  be  substituted f o r  the 

Pr p a r  a m et e r  2.P r  
T h e  dependence of Nuwon the var iab le  r a t io  p/pw, which is a t e r m  in (6), 

m a y  be  accounted for by dealing with the in tegra l  i n  (1) by p a r t s  and 
applying the same assumptions used in  deriving (8). In this case ,  by 
replacing the viscosity at  the pipe center  by  the v iscos i ty  a t  I f  (they are 
approximately equal) and taking into account the considerations expres sed  
above, we  m a y  present  the express ion  f o r  Nuwas:  

The  Reynolds number Re,, which cor responds  to the p a r a m e t e r  vowfor 
constant physical  p roper t ies  is de termined  f rom equation (4). The  
dependence of 5 on R e  fo r  constant physical  p rope r t i e s  has  been shown in 
f 11. In o u r  calculations, the values of qow=445, 2370, and 19,050 
corresponded to Re, = 14.5. l o 3 ,  lo5, and 999. lo3.  F r o m  these data we 
found that Re, may be calculated (with an ,accuracy of f 1 0 % )  f rom the value 
of Re; using equation 

Re, = Re; (:)Ih. 

It should be noted that f o r  generalization of the calculated data,  the value 
of Nuowwas calculated by using Re; instead of Re, in o r d e r  to obtain a m o r e  
convenient interpolation equation f o r  calculations. T h e  fo rm of the functions 
f ,  and f 2 ,  and the values of the constants x1 and xZ w e r e  determined on the 

bas i s  of calculated data: 

f 1 ( $ ) = $ = ( 1 - ? 4  + X I  

P f  
(XI =0.12; XI =1.0). 

A s  is evident f rom F igure  2, the f o r m  of the function f2 depends on Re,: 

where  
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co  

Nuw -2, 
FIGURE 2. CP =Aas a function of cpw/cp 

Nuow(0.I2 PW + o . a a p L )  
a t  Re, = 999.10'. lo5,  and 14.5. lo' (1. 2, 3). The symbols used for the 
calculated points are the same as in Figure 1. The solid line represents 
equation (14). 

A s  a r e s u l t ,  we obtained an equation which general izes  the calculated heat 
t ransfer  data  with a maximum dispers ion of f 370 and has  the form: 

In (14) x was  calculated with the aid of (13) using (10) .  If we assume 
that x is independent of Re, and has  a value of 0.25, dispers ion is increased  
to f 10%.  The  generalization of the experimental  data  by means  of (14)is 
showninFigure  1,b. I n  this figure, 0 denotes the right-hand s ide of (14). 

The  experimental  heat t r ans fe r  data obtained in / 3 , 4 /  and their  
comparison with equation (14) a r e  shown in F igu re  3 where N u y i s  thevalue 
of Nu, obtained f rom the experimental  data; N u &  is the Nussel t  number  
calculated on the b a s i s  of R e i ,  Prwrand the expression obtained in /1/ for  
the case of constant physical propert ies ;  Nu: is the value of Nu, calculated 
by means  of equation (14),  using (13) and (10) for  those values  of Tw Tf , 
and pwd used in the experiments  / 3 , 4 / .  In / 3 /  Tw changed in the range from 
N 30 to - 90T, while TW-Tf ranged f rom a few degrees  t o - 60°C. In the 
experiments  of o ther  authors ,  Twranged f rom - 30 to  - 500°C while T,- T ,  
was between a few degrees  to - 450°C. Figure  3,a shows that as a resu l t  
of the effect of the var iable  physical p roper t ies ,  the heat t ransfer  in / 3/ 
changed by a fac tor  of m o r e  than 5. A s  is evident f rom F igure  3,b, the 
values NuY and Nu; agreed  with an accuracy  of *20%. Such an agreement  
m a y  be r ega rded  2.s completely sat isfactory,  s ince the accuracy  of the 
experimental  data  was within 10-15%. 
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FIGURE 3. Comparison of hear transfer data for carbon dioxide calculated using equation 
(14) with experimental data /3.  4/.  

1- p =  88 .3 .105n /mz /3 / :  2 - 98.1.105/3/; 3 - 77 .5 .10~/4/: 4 - 9 1 . 1 . 1 0 ~ n / m ~ / 4 / .  

In F igu re  4 Ef =Ew&, and &of is the friction r e s i s t ance  coefficient 
Pw 

calculated from the function e = $(Re)for constant physical propert ies  / 1/,-

using the s a m e  Reynolds number Ref = which was used to obtain E f  . 
Pf 

FIGURE 4.  Calculated friction resistance for carbon dioxide a t  p =  98.1,1O5n/mz. The 
symbols are  the same as in Figure 1.  

The  calculated r e s u l t s  a r e  descr ibed (with an accuracy of f 570) by the 
equation 
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where  

The  m o r e  s imple  equation 

genera l izes  the calculated results with a lower accuracy  (*10 %). 

S y m b o l s  

x - coordinate along the pipe axis;  r - flow radius;  r,, - pipe radius;  
R - dimensionless flow rad ius ;  d - pipe d iameter ;  y - distance f rom the 
wall; 7 and qw- dimensionless distances f rom the wall; qow- dimension
less pipe radius;  ?+ - variable proposed by Goldman; q, - heat flux 
density on the wall; T,  -wall tempera ture ;  Tf-mean ca lo r ime t r i c  
tempera ture  of the liquid; 7 ,  - tangential s t r e s s  on the wall; wX - axial  
velocity component; 6-mean ( a c r o s s  the tube) m a s s  velocity; +and 
v,” - dynamic velocities; p - s ta t ic  p re s su re ;  E~ - coefficient of the 
turbulent momentum t ransfer ;  cq  - coefficient of the turbulent heat t ransfer ;  
fi - r a t io  of the coefficient of turbulent heat t r ans fe r  to the coefficient of 
turbulent momentum t ransfer ;  Re,,., Re$, Re f ,  and Re,- Reynolds numbers ;  
Pr, Pr, -P r a n d t l  numbers ;  A - t he rma l  conductivity coefficient; p -
dynamic viscosity coefficient; v - kinematic viscosity coefficient; h 
enthalpy; c p  - h e a t  capacity; Cp -mean in tegra l  value of the heat capacity 
in the tempera ture  range f rom Tf to Tw: p - density; p -mean in tegra l  
value of the density in the tempera ture  range f rom Tf to Tw. 

Subscripts:  w - physical p roper t ies  at T,; f - physical p rope r t i e s  a t  
T f ;o - constant physical p roper t ies .  
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I.T. Alad'ev, P. I. Povarnin,  L. I. Malkina, 

and E.  Y u. Merkel '  


INVESTIGATION OF THE COOLING PROPERTIES 

OF ETHANOL AT PRESSURES U P  TO 800.9.8. 1 0 4 n / m 2  


T h e  cooling proper t ies  of ethanol w e r e  studied in a loop under p r e s s u r e s  
of (300 and 800)-9.8. 104n /m2 ,  during its flow within s e a m l e s s  s ta in less  
steel (lKh18N9T) pipes  of internal  d iameter  0.0006-0.0021 m and Ild r a t i o  
20-175. 

In these experiments ,  the tempera ture  of the wall in contact with the 
ethanol reached 973"K, the liquid tempera ture  ranged f r o m  288 to 623"K, 
and the flow velocity of the alcohol was  5-60 m/  sec.  T h e  maximum specific 
heat f luxes reached 35. l o 6 *1.163w/m2.  

T h e  following observat ions were  made  f rom these experiments .  
1) T h e  heat t ransfer  at a p r e s s u r e  of 300. 9.8.  104n /m2was  accompanied 

by thermal  decomposition of the ethanol which formed a coke-like deposit 
on the contact surface.  

At flow velocit ies lower than 30 m /  sec decomposition of the ethanol 
s ta r ted  at wall t empera tures  of 623-673"K, and was  pract ical ly  independent 
of the tempera ture  of the liquid. At  veloci t ies  higher than 30 m/ sec, no  
decomposition of the alcohol was  observed,  even when the wal l  t empera ture  
was  as  high as 973°K. 

2) No the rma l  decomposition of the ethanol was  observed a t  a p r e s s u r e  
of 800.9.8. 104n/m2.  

3) In a number  of the exper iments  a t  a p r e s s u r e  of 300.9.8. 104n/m2,  we 
observed the occurrence  of pseudoboiling, which caused an inc rease  in the 
heat  t r a n s f e r  ra te .  No pseudoboiling w a s  observed a t  a p r e s s u r e  of 
800. 9.8. 104n/m2.  

4) In the c a s e  of a well-developed turbulent flow of ethanol, and in the 
absence of coke formation and pseudoboiling at p> 300 .  9.8- 104n/m2,  the 
heat t r a n s f e r  to the ethanol may  be  computed on the b a s i s  of the r u l e s  
governing convective heat t ransfer .  T h e  data  obtained sat isfy the equation 

where  I ,  is the pipe length f r o m  the point where  the heating is s t a r t e d  to 
the calculated section. 

In the i r  s tudies  on heat t r a n s f e r  t o  fluids in the supercr i t ica l  s ta te ,  
s eve ra l  au thors  /1-3/ observed a cer ta in  impravement  of the heat  t ransfer  
a t  p >pcr9 p t , , a n d  tf<<tcr.  T h i s  phenomenon w a s  t e rmed  "pseudoboiling. 'I 
In such  a case, the curve represent ing  the function & = f ( 9 )  has  the 
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charac te r i s t ic  plateau f o r  boiling, in which an inc rease  in the heat  flux 9 
is accompanied by a negligible inc rease  in the wall temperature  t , .  The  
occurrence of pseudoboiling is often accompanied by a shr i l l  whistling sound, 
a s  reported by Goldman / 1/ and Khaines and Vol'f / 31.  

Studies of the heat t r ans fe r  to ethanol in the supercr i t ica l  region ( p  = 
= 300 - 8 0 0 .  9.8. lo4n/m2) , as well  a s  to methanol / 4, 5/ and seve ra l  other 
fluids, revealed an inc rease  in the heat t r ans fe r  r a t e  that was accompanied 
by a whistling sound and attr ibuted to pseudoboiling. 

Two schemes  represent ing the mechanism of pseudoboiling have been 
proposed. Goldman / 1/ proposes  the following scheme: la rge  groups of 
liquid molecules  spli t  up upon contact with the heat t ransfer  surface and 
cause the formation in the bulk of the liquid of cavities filled with gases  
consisting of single molecules.  The  growth and subsequent destruction of 
these low-density cavi t ies  in the liquid may be so  vigorous that the boundary 
layer  is destroyed and pulsation of the liquid occurs ,  this phenomenon being 
s i m i l a r  to nucleate boiling. A s  in the c a s e  of boiling, the observed inc rease  
in the heat t r ans fe r  r a t e  is caused by the additional agitation of the boundary 
layer  due to the motion of these ,cavities. 

Griffith and Sabersky / 2 /  photographed the formation and motion of 
pseudobubbles under supercr i t ica l  conditions. 

Khaines and Vol'f suggested a somewhat different theory concerning the 
mechanism of pseudoboiling. They a s sumed  the change of the viscosity with 
t empera tu re  to be an important factor  in the above mechanism. Thus,  
according to / 3 1 ,  s m a l l  changes in the temperature  n e a r  the c r i t i ca l  point 
may  cause considerable changes in the viscosity.  An incidental  s m a l l  
i nc rease  in t, may, possibly, cause a noticeable dec rease  in the thickness 
of the l amina ry  boundary layer ,  which should lead to a dec rease  in tw and 
a corresponding inc rease  in viscosity. T h i s  should be accompanied by an 
inc rease  in the thickness of the l amina ry  boundary layer  and in t,, i. e . ,  
an unstable boundary l aye r  m a y  be the sou rce  of vibrations a t  supercr i t ica l  
p r e s s u r e s  and the cause of the inc rease  in the heat t ransfer  r a t e  in forced 
convection sys t ems .  

In o u r  opinion, the phenomenon of pseudoboiling should be discussed m o r e  
extensively. It is a s sumed  that the turbulization of the boundary l aye r  and 
the inc rease  in the heat t r ans fe r  r a t e  associated with i t  always occur  as a 
resu l t  of the formation of a new fluid phase of reduced density. Under 
subcri t ical  conditions, this phase consis ts  of vapor bubbles, and the p r o c e s s  
is termed boiling. 

Under supercr i t ica l  conditions, an analogous phenomenon may  occur  
during var ious p r o c e s s e s  - dissociation, t he rma l  decomposition, separat ion 
of l ighter components f r o m  a mixture  (e. g . ,  a mixture  of the kerosene 
type), etc.  The  following examples  of such p rocesses  are c i t e d  

a) D i s s o c i a t i o n  o f  m o l e c u l e s  of_a  substance during heating, 
with the formation of pseudobubbles which behave like t rue bubbles and 
cause noticeable turbulization of the boundary layer.  An example of this 
phenomenon is heat t r ans fe r  to nitrogen tetroxide N,O,. 

b) T h e  i n i t i a l  p h a s e  o f  d e c o m p o s i t i o n  of a l iqu id ,  preceding 
the formation of a coke-like precipitate.  In the case  of alcohols, the init ial  
products are aldehydes formed as a resu l t  of decomposition of the substance.  
T h e i r  density is lower than that of the alcohol, and together with the g a s e s  
fo rmed  as a resu l t  of the decomposition (CO,, CH,, and others) ,  they cause 
turbulization of the boundary layer.  When they a r e  detached from the l aye r  
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adjacent to the wall and en te r  the ma ins t r eam,  the new compounds often 
recombine into the s tar t ing substance. Thus,  decomposition of the substance 
is only partial .  In such a case,  the temperature  plateau (analogous to 
subcri t ical  boiling) on the f , , = f ( q )  diagram extends to the values of 9 (and, 
correspondingly,  to higher values of t,) at which a spontaneous inc rease  
in t,, begins a s  a resul t  of the deposition of a coke deposit, formed during 
the m o r e  vigorous decomposition, on the pipe walls. 

c) S e p a r a t i o n  o f  l o w e r - b o i l i n g  f r a c t i o n s  during heating of 
a liquid; these fract ions consist  of mix tu res  of var ious substances,  e. g . ,  
in the c a s e  of heat t ransfer  to kerosene. Data on the heat t ransfer  to the 
l p  -4  f u e l  have been published in 161. 

It may  be assumed that, depending on the p rocess  leading to the 
formation of a new phase and turbulization of the boundary layer ,  i t  is 
possible to calculate the amount of gaseous products  formed by analogy 

with the calculations for  subcri t ical  boiling ( f rom the ra t io  % > I ) .  

The  optimum conditions for  pseudoboiling could probably be computed. 
An analysis  of the experimental  data on heat t ransfer  to alcohols (ethyl 

and methyl) a s  well  a s  to other organic coolants (with r e spec t  to the pseudo-
boiling process)  leads to the following general  comments:  

1) T h e r e  exis ts  a cer ta in  optimum value of the reduced p r e s s u r e  n=-, P 
Pcr  

a t  which pseudoboiling is of maximum intensity. As  i s  evident, a fur ther  
i nc rease  in  n leads to a deterioration in the conditions needed for  the 
formation of a new phase,  and in te r fe res  with the pseudoboiling. Thus,  
although pseudoboiling of ethanol occurs  at  p = 300. 9.8. 1 0 4 n / m 2(x = 4.6), 
i t  is completely absent at  / I =  800.9.8. 1 0 4 n / m 2 ( n= 12.3). 

2) The  wall temperature  1, a t  which pseudoboiling occur s  d e c r e a s e s  with 
increasing flow velocity, and the plateau becomes less distinct. 

3) P re l imina ry  heating of the liquid leads to pseudoboiling a t  lower heat 
fluxes. 

Contradictory r e s u l t s  have been obtained for  water ,  which is not a 
mixture  of components, does not dissociate,  and does not decompose a t  the 
wall  t empera tu res  reached in the experiments.  * 

O u r  experimental  study of the pseudoboiling during heat t ransfer  to water 
at  p = (250-350). 9.8- 1 0 4 n / m 2( II = 1.1-1.55) a t  flow velocit ies ZY = 
= 5-40 m /  s e c  in s ta in less  s tee l  (1Kh18N9T) pipes at  liquid t empera tu res  
f f = 293-373°K did not confirm the observations of Goldman. 

In o u r  experiments  no pseudoboiling took place at  any of the flow 
velocit ies a t  p r e s s u r e s  of ( 2 5 0  and 300).9.8. 104n /m2;  in some  experiments  
( a t  w = 30 m /  sec) ,  we did observe a cer ta in  inc rease  in the heat t ransfer  
r a t e  but the cha rac t e r i s t i c  whistling sound ( r epor t ed  by Goldman / 1/  a l so  
for the experiments  with water) was not heard.  
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D. M. Kalachev, I. S. Kudryavtsev, 
B. L. P a s k a r ' .  and I. I. Yakubovich 

APPLICATION O F  TKE METHOD O F  
HIGH-FREQUENCY HEATING TO LIQUID-
METAL HEAT TRANSFER MEDIA 

In experimental  equipment, l iquid-metal  heat t r ans fe r  media  are usually 
heated by the hot combustion products of var ious  f u e l s ,  or  e lec t r ica l ly  
(d.c. or a.c.) .  The  cu r ren t  is passed  through a spec ia l  conductor with 
subsequent t ransfer  of the heat to the liquid meta l ,  o r  is supplied directly 
to the heat t r ans fe r  medium through the channel wal l s  / 1 , 2 / .  

The  u s e  of the above two methods poses  se r ious  problems when the 
liquid m e t a l  is to be heated to a high t empera tu re  (1273'K or more) .  In 
such  c a s e s  it i s  advantageous to use high-frequency induction heating / 3 , 4 / ,  
where  the heat is re leased  directly in the heated object, while i t  is in a 
high-frequency magnetic field. The  specific heat flux t r ans fe r r ed  to the 
object is practically independent of the tempera ture  of that object, and may  
r e a c h  thousands of kilowatts p e r  squa re  m e t e r  of i t s  sur face  (up to- 107 w/mz). 

Induction heating e l imina tes  d i r ec t  contact between the current-conducting 
p a r t s  (which r equ i r e  forced cooling) and the wal l s  of the channel fo r  the 
heat exchange medium, which is very  hot and often ex t remely  cor ros ive .  
Thus ,  the upper tempera ture  l imit  for  the liquid to b e  heated is virtually 
eliminated. 

Fu r the rmore ,  the u s e  of induction heating makes  i t  possible to reduce 
the dimensions of the heating appara tus  with a corresponding reduction in 
the volume filled by the liquid metal .  

T h e  method of high-frequency heating of liquid me ta l s  was  tested on a 
laboratory-type loop, using a heavy m e t a l  alloy and a light alkali  metal .  
T h e  high-frequency cu r ren t  was  supplied to the induction hea ter  of the alloy 
f r o m  the PVV-80/ 8000 high-frequency conver te r  and a capacitor bank. 

The  inductor (F igu re  1) was  built in the fo rm of a solenoid with an inner  
d iameter  of 0.065 and a length of 0.450m, f rom a shaped copper tube with 
a c r o s s  section of 10x10 and a wall  thickness of 0.0015m. T h e r e  were  
32 turns.  The  heat r e l eased  in the inductor w a s  removed by water  ( in  the 
heavy-alloy loop) or  by t r ans fo rmer  oil  ( i n  the alkali-metal  loop). The  
coolant was  supplied to and removed f r o m  the inductor through rubbe r  
hoses,  which ensured  reliable e l ec t r i ca l  insulation. 

In the heavy-metal  loop, the inductor coil  w a s  surrounded by a section 
of the alloy loop consisting of a pipe (0 .05m in d iameter ,  with a wall 
thickness of 0.0025m) made  of Khl8NlOT s t a in l e s s  s t e e l  and having an- 30" 
slope with r e spec t  to a ver t ica l  line. 

The  spacing and insulation of the inductor and the pipes was  effected by  
filling the gaps  between them with porcelain tubes and asbes tos  cord. 
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Water -
inlet 

FIGURE 1. Schematic view of the 
inductor. 

The light meta l  was heated by the inductor in a ver t ical  Field tube 
(- 0.5m long and 0.044m in diameter) made of Khl8N10T stainless  s teel .  
The  F ie ld  tube was insulated f rom the inductor with mica  and quartz cloth. 

The  high-frequency setup corresponded to the conventional c i rcui ts  
described in / 3 , 4 / .  The  voltage at  the leads of the high-frequency genera tor  
could be var ied  between 0 and 750 v. Th i s  voltage w a s  supplied to an 
oscil latory circui t  consisting of the inductor and a capacitor bank with a 
capacity of - 50pf. The  power re leased  within the tube walls was direct ly  
proportional to the square  of the voltage applied to the inductor. 

When the exper iments  were  completed, measu remen t s  were  taken of the 
power a t  the genera tor  busbars ,  the genera tor  voltage and current ,  the 
me ta l  and coolant tempera tures  a t  the inlet and exit of the generator ,  and 
the throughput of the me ta l  and coolant. 

During induction heating tes t s  in the heavy-metal loop, the genera tor  
load ranged f rom 25 to 80 kw. We c a r r i e d  out five s e r i e s  of exper iments  
in all, with a total  duration of 110 hours. The  exper iments  were  c a r r i e d  
out a t  a constant throughput of the alloy (- 20,000 kg/ hour). Depending on 
the experimental  conditions, the alloy tempera ture  ranged f rom 4 7 3  to 773°K. 

The  exper iments  in the l ight-metal  loop were  c a r r i e d  out a t  a load of 
80 kw, the mean tempera ture  of the me ta l  in the hea ter  was  equal to 
N 1123"K, and the throughput of the me ta l  was - 2000 kg/ hour. The  inductor 
per formed under these conditions for - 150 hours. 

On the b a s i s  of the experimentally measured  e l ec t r i ca l  pa rame te r s ,  
t empera tures ,  and throughputs, we calculated the amount of heat taken up 
by the me ta l  in the hea ter  Qus, the e l ec t r i ca l  power of the high-frequency 
genera tor  Qgen and the heat l o s ses  in the inductor Q i n d .  

The  relationship between the useful amount of heat removed with the 
liquid me ta l  and the high-frequency genera tor  power ( in  the heavy-alloy 
loop) is shown in F igu re  2. The  efficiency of the heater  (i. e. , the ra t io  Of 
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the above values Qus /Qpe,J was  N 75%. T h e  efficiency in the l ight-metal  
loop was  about 55-6070. 

A s  the genera tor  power was  increased ,  t he re  was  an inc rease  in the 
hea t  l o s s e s  both in the inductor and in the current-conducting b a r s ,  
corresponding to the slight inflection of the curve  in F i g u r e  2. 

a us, 
kw 
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FIGURE 2. Useful amount of hear as a function of 
rhe power on the generator terminals. 

O u r  exper iments  showed that the induction heating method has  the 
advantages of a s imple  hea ter  (loop tube and inductor) construction, 
smoothly regulated power and stabil i ty of the r a t e  of heat generation, and 
the absence of any effect of the tempera ture  (of the object to be heated) 
on the heat generation. 

The  induction method of heating flowing liquid m e t a l s  tested by u s  may  
be  recommended f o r  u s e  in liquid-metal setups. 
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II. 	 HEAT EXCHANGE AND FRICTION 
RESISTANCE IN PIPES AND CHANNELS 
OF VARIOUS GEOMETRICAL SHAPES 

B. S. Petukhov and L. I. Roizen 

HEAT EXCHANGE DURING GAS FLOW 111' 
PIPES WITH AN ANNULAR CROSS SECTION 

Despite the considerable  number of papers  on heat t ransfer  in pipes with an 
annular  c r o s s  sect ion 11-71, the problem of the effect of shape (i. e . ,  the 
internal- to-external  pipe d iameter  ratio) on the heat t ransfer  is s t i l l  to b e  
solved. F o r  instance,  i t  has  been suggested / 1 , 2 /  that the heat t r ans fe r  
in annular  pipes be calculated by means  of the equations f o r  c i r cu la r  pipes, 
using the equivalent diameter .  In another paper  / 3 /  i t  is recommended that 
the effect of geometry  be  taken into account by the introduction of the 
pa rame te r  (d2/d,)0.25. 

A review / 8 /  l i s t s  20 equations for  the calculation of the heat t r ans fe r  
in annular  pipes. Most of these equations are contradictory, and m a y  be 
used only in spec ia l  cases .  Th i s  is caused, to a la rge  extent, by the lack 
of experimental  data  obtained under identical conditions over  a fa i r ly  
extensive range of the geometr ica l  parameter ,  with s imultaneous measure
ment  of the heat exchange on both the in te rna l  and ex terna l  walls. Such 
data  are essent ia l  fo r  a rel iable  description of the effect of channel 
geometry on the heat t ransfer .  * 

The  following express ions  have been derived 191 fo r  the Nussel t  numbers  
on the inner  and outer  wal l s  f o r  any heat load ratio: 

where Nul, ,  Nuan, e,, and 3, are the Nussel t  numbers  and the dimension
less adiabatic t empera tu res  on the inner  and outer  wal ls  during 
unidirectional (asymmetr ic )  heat flux, 

This gap has been filled to some extent by the recent paper of Kays and Leung / l o / .  
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(f,.,,.fwz are the local  values of the inner  and outer  (heated) wall temperatures;  
t$, ,$are the local  tempera tures  of the adiabatic walls; is the mean 
ca lor imet r ic  tempera ture  of the liquid). 

7 8 1 9 2  4 3 5 7 6 4  

-Air 
intake 

2 heat Ldamp 

FIGURE 1. Schematic view of the experimental section, 

1- outer tube; 2 - inner tube; 3 - strip heater; 4.5 - thermocouples; 6
mixer; 7 - rectifier grid; 8 -Venturi rube; 9 - currenteonducring bar. 

Equation (1 )  is valid for  both laminary and turbulent flow a t  any 
dis tance f rom the inlet. Using this  equation i t  becomes  possible  to  reduce 
the experimental  study of heat t ransfer  in annular  pipes to the measurement  
of Nuln and 8%a t  y w z =  0, and of N u z n  and 61 a t  hi=1. 

We conducted an experimental  study of the heat t r ans fe r  during turbulent 
flow of a i r  in annular  pipes in the geometr ica l  pa rame te r  ( d , / d 2 )  range 
between 0.07 and 0.84. The  main measu remen t s  were  made  with uni
direct ional  flow of the heat, i. e . ,  at a constant heat flux density on one of 
the wal ls  ( the  inner  o r  outer) while the other  wall was  insulated. The  heat 
t r ans fe r  coefficient was  measured  on the heated walls, while the adiabatic 
wall t empera ture  was  determined on the thermally-insulated wall. Using 
equation (1) and the above data, i t  is possible  to calculate the heat t ransfer  
coefficients on each  of the wal ls  during their  simultaneous heating fo r  any 
heat flux density r a t io  on the walls. In o r d e r  to check the above ra t ios ,  
some  of the experiments  were  c a r r i e d  out with s imultaneous heating of 
both walls. 

The  experimental  section (F igu re  l), formed f rom two concentr ic  tubes, 
consis ted of damping and heating sections. The  geometry of the annular 
channel was changed by changing the inner  tube. The  study was  ca r r i ed  
out on s ix  annular channels and one c i r cu la r  pipe, the geometr ical  
p a r a m e t e r s  of which a r e  tabulated below: 

Geometrical characteristics of the channels 

d.. lo3,  mm d..103. mm dilds d e =  (dt-d,). 'heatlde f d a m d d e  .10'. mm-

0 83.71 0 83.71 38 34 
6.01 83.71 0.0718 77.70 40 36 

12.00 83.71 0.143 71.71 44 39 
20.47 83.71 0.244 63.24 50 45 
45.70 83.71 0.546 38.01 83 74 
57.90 83.71 0.692 25.81 122 108 
70.40 83.71 0.841 13.31 83 30 

Symbols: d ,  - external diameter of the inner tube; 4 - internal diameter of the 
outer tube; de - equivalent diameter of the annular pipe; Iheat/de. Idamp/de -
the lengths of the heated and damping sections respectively. 
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The  external  b r a s s  tube (with a w a l l  thickness of 0.003m) was heated 
by an e l ec t r i ca l  hea te r  of nichrome s t r i p  (with a c r o s s  section of 
( lOX0.8). I O - 3  m) uniformly wound on the tube sur face  over micanite cloth. 
The  external  surface of the hea ter  was coated with r e f r ac to ry  clay and 
thermal ly  insulated with g l a s s  wool. 

The  inner s ta inless  s tee l  (lKh18N9T) tubes, with a wall thickness of 
(0.2-0.5)- m were  fi t ted into special  sprockets  at the ends and suspended 
at  one point (a t  the end of the damping section) by means  of 0.001 m wire.  
In addition, the l a rge r - d iameter  tube was centered more  accurately by 
supporting i t  with two pins in the middle of the heated section, while the 
sma l l e r -d i ame te r  tube was s t re tched with a spring. The  inner  tubes were  
heated direct ly  by cu r ren t  passing through their  walls. The  cu r ren t  was 
conducted to the w a l l s  by means  of the sprockets,  and f rom the left 
sprocket to the heated section by means  of a copper rod. The  method used 
to connect the sprockets  with the inner tubes allowed for  f r e e  expansion of 
the la t ter .  

A rec t i f ie r  gr id  was  fitted at the exit f rom the heated section, and a 
helical  mixer  was fixed behind it. 

The  wall t empera tu res  of the external  and internal  tubes were  measu red  
with copper- constantan thermocouples. On the outer tube walls,  the 
thermocouples were  inser ted into copper capi l lar ies  ( so ldered  into the wall) 
a t  twelve points over  the length. The  thermocouples used to m e a s u r e  the 
w a l l  t empera ture  of the inner tube were  mounted on the inside wall of the 
tube at thirteen points over its length and were  separa ted  f r o m  each other 
by cork parti t ions.  The  a i r  t empera ture  was a l so  measured  with thermo
couples fitted at the inlet to the heated section and behind the mixing 
device. The thermoelectromotive fo rce  of the thermocouples was  measu red  
with a potentiometer of the R-375 type. 

Alternating cu r ren t  f rom a voltage s tabi l izer  was  supplied to the 
e l ec t r i ca l  hea te r  of the external  tube. The  hea ter  power was measu red  
with an astat ic  wat tmeter  of the 0.2 precision class .  Di rec t  cu r ren t  f rom 
a motor -genera tor  s e t  was supplied to the inner tube. The  cu r ren t  s t rength 
was measu red  with the aid of a calibrated shunt, while the voltage drop on 
the shunt and the tube was measu red  with a potentiometer. 

The  a i r  was  driven into the experimental  section by a h igh-pressure  fan, 
f i r s t  passing through the rec t i f ie r  gr id  and the shortened Venturi tube which 
served  to m e a s u r e  the throughput. 

The Venturi  tubes (we used two tubes fo r  the var ious  throughput ranges) 
were  calibrated with water  in advance. Special  exper iments  were  a l s o  
c a r r i e d  out to de te rmine  the heat l o s ses  f rom the external  tube to the 
surroundings.  The heat l o s ses  usually did not exceed 10%. 

Two s e r i e s  of exper iments  were  c a r r i e d  out with each annular tube: 1) 
heating of the inner wall  while the outer wall was thermally insulated; 2) 
heating the outer wall while the inner  wall was insulated. Some of the 
experimental  data were collected during simultaneous heating of both walls, 
when the heat flux densi t ies  on them were  the same.  

In o r d e r  to check the experimental  setup, we a l so  measu red  the heat 
t r ans fe r  during a i r  flow in a c i r cu la r  pipe ( the outer tube was used fo r  that 
purpose) without an inner tube. 

All measu remen t s  were  taken at  an equilibrium thermal  s ta te  of the 
system. In all experiments the w a l l  t empera tures  and the tempera ture  
gradients  between the w a l l s  and the a i r  were  maintained approximately 
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the same,  and were  respect ively equal to  t ,  = 333-353°K and t,-i= 
= 30-50°K. The  difference between the amount of head calculated f r o m  
the e lec t r ica l  power supplied and f rom the changes in  the enthalpy of the 
air at the inlet and outlet u s u a l l y  did not exceed 370. 

In the process ing  of the experimental  data, the heat flux density 
associated with convection on the outer  and inner  tube wal ls  was  determined 
f rom the equations: 

owl= 
QI- Qrad , 

3 

dl'heat 

where Ql and Qz are the e lec t r ica l  power r e l eased  on the inner  and outer  
tubes, respectively; Qn is the heat loss f rom the outer  tube to the 
surroundings;  Qrad is the heat flux due to  radiation. In calculating Qrad. 
i t  was  assumed that the blackness  of the inner  (1Kh18N9T steel) and outer  
(b ra s s )  tube su r faces  was  E] = 0.3 and E = 0.06, respectively. The  
magnitude of Qrad usually did not exceed 570 of the power released.  

Equat ions (4) and (5) are valid a t  some dis tance f rom the inlet of the 
heated pipe section. When calculating qw2 near  the inlet, we took into 
account the changes in the heat flux along the wall caused by the thermal  
conductivity. At xld, > 2 ,  the magnitude of that scat ter ing did not exceed 
8 70 ( the  section of length 2d, f rom the inlet was  not taken into account). 
In calculating 9,,,,, the changes in the heat flux were  not taken into account 
s ince  their  magnitudes did not exceed 0.570. 

The  tempera tures  of the outer  sur face  of the inner  tube and of the inner  
sur face  of the outer  tube, t,, and f w p ,  were  obtained f rom measuremen t s  
cor rec ted  f o r  the tempera ture  drop on the wall ( fo r  the inner  tube), and f o r  
the inser t ion depth of the thermocouples ( for  the outer  tube). These  
cor rec t ions  did not exceed 0.15"C. 

The  mean ca lor imet r ic  tempera ture  of the air a t  a given distance f rom 
the beginning of the heated section was  calculated using the equation 

- Qf = f o + - - x , 
Gcp [heat 

where  Q =Q1 when only the inner  tube was  heated (9- O ) ,  Q =Qz-QQn when 
only the outer  tube was  heated (q,.,,= O ) ,  and Q = Q, + Qz-Qn when both tubes 
were  heated a t  the same time; to is the air tempera ture  at the inlet; G 
and cp a r e  the throughput and the heat capacity of air. 

The  values  of Nuln, N u z n ,  61, and +Z were  calculated using equations (2) 
and (3), while R e  was  calculated using the equation 

Re Gd 

f P  

where  f is the c ross -sec t iona l  area of the annular  pipe. 
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The physical p roper t ies  of a i r  were  taken a s  corresponding to the mean 
ca lor imet r ic  tempera ture  at the given section. 

An evaluation of the accuracy  of the experimental  data showed that the 
maximum relat ive e r r o r  in the determination of the Nussel t  numbers  was 
about 401, and in the determination of 6, about 8%.  

A s  xJde was increased,  the local values of Nuln,  Nuzn ,  61, and 
approached (asymptotically) a fixed value known a s  the l imiting value. The  
limiting vaIues a r e  denoted below a s  Nu, n=, Nuzn,, #I,, and t%-. 

FIGURE 2. Changes in the temperature of FIGURE 3. Limiting values (Numand 
the heated and adiabatic walls, the air  8,) as a function of Re for an annular 

temperature, and the Nu numbers over the pipe with d,/d, = 0.244. 

length of a n  annular pipe with d,/d, =0.244. 

1-Nul,,; 2 -NUzn,; 3 . 4 ,  - NU,, 

1,2 ,3 ,4- respecr ive ly  f , t $ ,  7, and Nu, and Nu, at  q,,=q,, from the results 
a r  q,, = 0, Re = 63, 103ywb, S,?, 8 -twz, ofdirectmeasurements; 5- :)- ; 6

0 ,  ,. The broken line represents valuesf # ,  'i,and Nuz a t  qwl  = 0, Re = 67.5. lo3 .  calculated from (1)for q V l  = q w 2 ,  

Since the tubes were  of a finite length and the experimental  data some
what dispersed,  the l imiting values of Nulno and N u z n mwere  determined 
from the mean t empera tu res  on a cer ta in  section at some distance f rom 
the inlet, within which the local values of the Nusselt  number N u  changes 
by not more  than 3%.  This  section was 1.2 m f rom the point where heating 
began, and measured  about 1 . 6 m  in length. The  l imiting values of fll,and 

~
f l were  determined in exactly the same  manner .  In this case,  the section 
for  which the mean values were  taken was 1 .8m f rom the point where 
heating began and measured  1m in length. Within that section, the 
deviations from the local values did not exceed 1 2  '% f o r  channels 2 and 3, 
and 6 %  for  the remaining channels ( see  Table).  
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In o rde r  to exclude the effect of variable physical  propert ies ,  the 
experimental  values of the Nusselt  numbers  were  cor rec ted  by introducing 
the correct ion factor  (T,$)g.5 and were  thus converted to values correspond
ing to a tempera ture  factor equal to unity. 

The  processing of the experimental  data on heat t r ans fe r  in a c i r cu la r  
pipe (without an inner tube) yielded the equation 

Nucpm= 0.0186 (8) 

which desc r ibes  the experimental  data with an accuracy  of k5'7'' and is in 
agreement  (with the same  accuracy as above) with the empir ica l  equations 

FIGURE 4. Limiting values Nu bl 

and 8 ,  in annular pipes as a 
function of dlfd,. 

1. 5 - Re = lo4; 2,  6 - R e  = 
= 4. lo4; 3, 7 - R e  = lo5; 
4 , 8 - R e =  2~lO5(1-4-Nuln , ,  
0,- ; 5-8-"u2,,, 02-). T h e  
broken lines represent the values 
of Nu, for a circular pipe. 

of Mikheev and MacAdams a s  well as with 
theoretically calculated r e s u l t s  / 11/. 

In our experimental  studies of the changes 
in the tempera tures  of the heated and adiabatic 
walls, the mean ca lo r ime t r i c  tempera ture  of 
the air, and the local Nu numbers  over  the 
length of an annular  pipe with di/d2 = 0.244 
during the heating of one wall only (outer  o r  
inner,  s e e  F igu re  2) we found that a t  xlde,20 
the Nuln, and N u z b  numbers  and the tempera
ture  differences ftt-7 and taWdz-7 assumed 
constant values. 

The  values of Nulm and Nuzn ,  were  
proportional to A s imi l a r  dependence 
was observed fo r  the remaining annular pipes 
except for  the c a s e s  of the inner walls of the 
pipes with d,l& = 0.0718 and 0.143. F o r  the 
f i r s t  of these,  the value of Nul,, was 
approximately proportional to and for  
the second, to F o r  this reason ,  the 
difference between the limiting values Nu, n m  

and NuZnmf o r  the pipes with dl/d2 = 0.0718 and 
0.143 i n c r e a s e s  with increas ing  Re. The  
limiting values 61, and 6%-were  proportional 
to Re-'aE8. 

The  calculated Nulm and Nu, f o r  equal 
values of qwi and qwr(F igu re  3) a r e  in good 
agreement  with direct ly  measured  values ( a s  
should be expected). 

The  changes in the l imiting values Nu, nm, 

Nu, nm, it,, , and 6,- a s  a function of R1=d,/d, 
are shown in F igu re  4. As  is evident f rom 
the figure,  the values of Nun- and-6, on the 
inner wall were  higher than on the outer wall. 

A s  R, was increased,  the difference between the above values decreased ,  
reaching z e r o  at  Ri = 1, i. e . ,  in the c a s e  of a flat  tube with one-side 
heating. At R1+ 0, the value of Nuznmapproaches the value of the s a m e  
number f o r  a c i r cu la r  pipe ( the broken lines). 

T h i s  r e s u l t  can readily be explained on the b a s i s  of the available data 
on the velocity profile during turbulent flow in annular pipes / 1 2 , 1 3 / .  The  
velocity profile in annular pipes is asymmet r i c  with r e spec t  to the walls 
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the point of maximum velocity is shifted in the direct ion of the inner  
wall ,  and thus the velocity gradient  on the inner  wall is always larger than 
on the outer  wall, and the difference between them inc reases  as d, d, is 
reduced. Hence, Nuln,  NU,,, and the difference between them a l so  
inc reases  with decreas ing  d,/d,. 

In o rde r  to der ive  general ized equations fo r  the heat t r ans fe r  during 
turbulent gas flows in pipes  with annular c r o s s  sections, we used o u r  own 
data  in conjunction with those of Doroshchuk and F r i d  1 3 1 ,  and of Kays and 
Leung / IO/. 

Doroshchuk and F r i d  measured  the heat t ransfer  to a i r  in annular  pipes 
with d, /d ,  = 0.38-0.83 and [heat de=  35-125 in experiments  in which only the 
inner  wall was  heated, and in which the value of R e  ranged f rom 2. l o 4  to 
5.5- 104. 

Kays and Leung / 101 investigated the heat t ransfer  to air in pipes with 
d&= 0.193-0.50 and l h e a t /  d e  = 23-70 in experiments  in which both the inner  
and outer  wal ls  were  heated, and the values of R e  ranged f rom l o4  to  
1.6.105. 

In / 31, measurements  were  made  only of the local  heat t r ans fe r  a t  a 
constant heat flux density on the walls; in / 10/ the local  adiabatic wal l  
t empera tu res  were  a l so  measured.  The  r e su l t s  of these measu remen t s  
are apparently the mos t  re l iable  (among the investigations ca r r i ed  out with 
gases) ,  as indicated, in par t icu lar ,  by the fa i r ly  good agreement  between 
the resu l t s .  Hence, we used only those data in our  generalization. We 
took into account only those data  f o r  the range of es tabl ished thermal  and 
hydrodynamic stabilization, i. e. , the limiting values  of the Kusse l t  numbers  
and the adiabatic wall t empera tures .  9~ 

The dependence of Nu1,,/NucP and Nu2,,/Nucpg(where Nucpnwascalculated 
f rom equation (8)using the equivalent diameter:':') on d ,  d ,  is shown i n F i g u r e  5. 
Equation (8) descr ibes  with sa t i s fac tory  accuracy both o u r  experimental  
data, and the data  of / I O /  on the heat t ransfer  in E+ c i r cu la r  pipe. 

Our experimental  data  and the r e su l t s  of / l o /  a r e  in very  good agree
ment, while the r e su l t s  of / 3/  are 10-12 % lower. 

F o r  all investigated pipes, o u r  r e su l t s  and the r e su l t s  of / I O /  are 
descr ibed with an sccuracy  of f 5% by the equations 

where  I= 1+7.5 a t  <0.2. and C = 1 a t  d,/d, > 0.2 ( 5 is a cor  r ec t i  on 

* In /IO/, because of the short length of the working section, the limiting values of the Nusselt number 
were found by extrapolation of the experimental data over the length, while the limiting adiabatic wall 
temperatures are  not reported a t  a l l .  

* *  Each point on Figure 5 corresponds to a series of experiments a t  various Re and a t  d,/d, = const. 
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fac tor  accounting fo r  the fact  that according to our data, the exponent of 
the R e  number was s m a l l e r  than 0.8 a t  dl/d2C 0.143). 

FIGURE 5. Generalization of rhe experin.$ nral  
dsta on tieat transfer i n  pipes  with an aniiiil.ir 

cross x‘clion. 

1 - ilic rcsults of our expcriments; Z J  - exprri
mental da ta  of /IO/ and / 3 / *  respectively ( the  
dark points represent Nuln, ,Q,-; the light points 
represent NuZnm,  e?-); 4, 5 ,  6 .  I - equations (9), 
(10). (11). (129, respectively. Results of 
theoretical  calrulations (10): 8 - Nuzn,; 9, 1 0  -
Num, a t  Re  > 3 .  lo4 and Re = lo4; 11- aLm; 
12 - 3,,. 

Equation (9 )  may  b e  used in the range 0 . 0 7 4  tfi/dz<l, while (10) may  b e  
used in  the range 0 < d l id2  c 1 .  Both equations a re  valid in  the range 
l o 4  ,< Re < 3 .  lo5 a t  Pr equal to - 0.7. 

In the case of a tube with d,;d, = 1 ( f la t  tube with heating f rom one s ide)  
equations ( 9 )  and (10)  yield Nul,,,= Nuznm= O.86Nucp,”. Thus,  equations (9)  
and (10) sa t i s fy  the conditions of finite transit ions.  

T h e  r e su l t s  of a theoretical  calculation of heat t r ans fe r  in  annular pipes 
(based on the data of / l o / )  are  also shown in F i g u r e  5. T h e y  a re  in good 
agreement  with the experimental  data, except for the values of Nuln=  a t  
R e  c 3.  lo4 ,  which a re  higher than the experimental  values ( a t  R e  = IO4 the 
discrepancy is a s  high as 20%) .  T h e  dependence of elmReaR8and 6zmReo88 
on dl/dz (der ived  f r o m  our  experimental  data“) i s  a l so  shown in  F igu re  5. 
T h e  experimental  r e su l t s  are  sa t i s fac tor i ly  descr ibed by the equations 

* No other experimental  da ta  a re  available. 
*’ Equation (12) is derived from the integral equations obtained in /9/ 
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T h e s e  equations are valid f o r  the same ranges  as equations (9) and (IO). 
In the case of d,/& = 1 (i. e . ,  f o r  a flat tube with heating f r o m  one side) 
61,=f),, = -26.9Re-"". 

T h e  r e s u l t s  of a theoret ical  calculation of the adiabatic wall t empera tures ,  
based  on the data  of / l o /  (F igure  5), show that d i screpancy  between theory  
and experiment  does not exceed 10%.  

Equations (9) to (12) make  i t  possible to calculate the heat  t r a n s f e r  and 
adiabatic wal l  t empera tu res  in the c a s e  of one-directional heating (ex terna l  
o r  internal). In the case of heat  t ransfer  through both wal ls  ( a t  any  r a t i o  
of heat flux density),  the heat t ransfer  coefficients on the inner  and ex terna l  
wal ls  are calculated us ing  equation (1). 
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P. I. Puchkov and 0.S. Vinogradov 

HEAT TRANSFER AND HYDRAULIC RESISTANCE 
IN ANNULAR CHANNELS WITH SMOOTH AND 
ROUGH HEAT TRANSFER SURFACES 

T h e  use  of annular channels with inner  hea t  t r ans fe r  su r f aces  in heat 
exchangers  and other t he rma l  equipment m a k e s  i t  n e c e s s a r y  to define the 
recommendat ions f o r  heat t r ans fe r  calculations more accurately.  
Dimensionless equations of the type 

Nu = CRe"Pr", (1) 

which are  commonly used for c i r cu la r  pipes,  cannot b e  used f o r  the 
unambiguous determination of heat t r ans fe r  in  any smooth annular ape r tu re s .  
One of the conditions for the application of dimensionless equations i s  the 
geometr ical  s imi l a r i t y  of the constructions f o r  which the equation is valid. 
Thus,  while smooth c i r cu la r  tubes (of sufficient length) a re  geometr ical ly  
s i m i l a r  a t  any d iameter .  annular ape r tu re s  with var ious  external- to
in te rna l  d i ame te r  r a t io s  are genera l ly  not s imi l a r .  Hence, the equation 
m u s t  compr i se  an additional f ac to r  to  take into account the re la t ive  
dimensions of the annular ape r tu re  f ( d l / d l ) .  

Thus,  the equation of heat t r ans fe r  in an  annular ape r tu re  h a s  the 
gene ra l  f o r m  

Nu = / ( R e ,  Pr. d, /d , )  (2)  

or 

Nu =C RemPrnf (d2/dl). ( 3) 

T h e  r e s u l t s  of many  investigations on hea t  t r ans fe r  in  annular a p e r t u r e s  
d i f fe r  noticeably both in  the i r  absolute va lues  (i. e . ,  the values of the 
coefficient C) and the na ture  of the function f ( d 2 / d l ) .  

In sp i te  of the difference between the experimental  data (which may b e  
attr ibuted t o  differences in  experimental  conditions), two cont rad ic torygene ra l  
p r inc ip les  exist: t he  f i r s t  confirms the fact  that the hea t  t r ans fe r  in  annular 
channels with in te rna l  heating is independent of the ape r tu re  dimensions,  while 
the second indicates that the  heat t r ans fe r  d e c r e a s e s  with dec reas ing  re la t ive  
ape r tu re  dimensions. 

In o r d e r  t o  obtain additional experimental  data, we c a r r i e d  out spec ia l  
experiments  on the heat t r ans fe r  and r e s i s t ance  in  smooth annular channels 
a t  dJd, = 1.185 - 8.24. 

The geomet r i ca l  p a r a m e t e r s  of the channels are given in Tab le  1. 
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TABLE 1. Geometrical parameters of the working sections 
-

N 

E E , E  
N 0 -El E , E  e 51 

3 - 2 - .o g
2 - 2 %  ; a
E :  2 , - 2 3  . .- 0 0 n 4 ? 
i E 2 2  E :  m .m
0 0  $ 2  cs - ~~ -

0.051 1 0 0.061 0.1695 8.09.10-3 16.4 18.5 
0.054 1.0 0.053 0.1695 6 . 7  10-3 18.9 18.5 
0.054 1.0 0.044 0.1693 5.21.10--3 22.7 18.5 
0.054 1.0 0.038 0.1695 4.34.10-" 26.4 18.5 
0.054 1.0 0 022 0.1695 2.24.10d3 45.5 18.5 
0.054 1 0 0.010 0.1695 0.925. 00 0 18.5 
0.013 1.5 0 027 0.0530 1.12.10-3 55 6 15 0 
0.013 1.5 0.051 0 ,u5.30 3.09 10" 29.4 15.0 
0.013 1.5 0.091 0.0530 8.85.10-3 16.0 15.0 

Despite the i r  s imple  construction and the possibility they present  of 
obtaining t rue  countercur ren t  flows, annular channels have a marked  draw
back, namely, the heat t r ans fe r  coefficient obtained with them is noticeably 
lower  than in the case  of c ros swise  flow. Hence, use of annular channels 
r equ i r e s  an  inc rease  in the heat t r ans fe r  r a t e .  

One way to obtain such  an  inc rease  in the heat t r ans fe r  r a t e  is to  use  
roughened sur f  aces .  

T h e  effect of sur face  roughness on the heat t r ans fe r  and hydraulic 
r e s i s t ance  has  been the subject  of many investigations. Seleznev / 21,  
Teverovski i  / 3 1 ,  Nunner / 41, G r a s s  / 51, and Dipprey and Sabersky  / 6 /  have 
published the r e s u l t s  of the i r  s tudies  on sur face  roughness of var ious  types 
and degrees:  hemispher ica l  protrusions,  pointed or truncated pyramids
/ 2 1 ,  pointed t r iangular  teeth / 31 ,  r ings  of various shapes,  dimensions,  and 
in te rva ls  / 41, diaphragms of var ious  d iameters ,  in te rva ls  and edge shapes  
1 5 1 .  The  au thors  of /6/ made an  attempt to produce the so-called "sandy" 
roughness of Nikuradze,  by electroplat ing nickel on a cylinder with sand 
of var ious  par t ic le  s i z e  glued to i t s  surface.  

Severa l  invest igators  / 7- 1 2 1  measured  heat t r ans fe r  and hydraulic 
r e s i s t ance  in annular ape r tu re s  with roughened internal  sur faces .  

Walker / 7 /  studied roughness of various types ( rec tangular ,  t r iangular)  
and dimensions. However, s ince  he nei ther  gives  tabulated data  nor plots 
experimental  points in  h i s  d iagrams,  i t  i s  not possible to analyze the 
experimental  r e su l t s .  

Baue r  / 8 /  studied the effect of roughness ( rec tangular  t r ansve r se  f ins  
and t r iangular  grooves) spaced  a t  var ious  in te rva ls  along the pipe axis .  

Kattchec and Mackevicz / 1 1 /  used a naphthalene model  (based on the 
analogy between heat and mass t ransfer )  to  de te rmine  the local  heat t r ans fe r  
over  the pe r ime te r  of a s ingle  roughness e lement  in  the f o r m  of a t rans
v e r s e  rec tangular  fin. T h e i r  r e su l t s  ag ree  qualitatively with our  concepts 
of the na ture  of heat t r ans fe r  in  the case  of nonstreamlined bodies. 

Sheriff ,  Gumley, and F r a n c e  1121 a l so  studied the effect of rectangular-
fin roughness (of var ious  fin dimensions and intervals) .  T h e i r  r e su l t s  were  
plotted as a function of the heat t r ans fe r  and the ra t io  of the height of the 
roughness  to the thickness of the laminary  sublayer ( the la t te r  having been 
calculated f o r  a c i r cu la r  pipe). 
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T A B L E  2. Geometrical dimcnsions of roughened mrfaces 

Type of roughness 

Triangular 

"Transverse" roughness 
Forward flow 

1. ., 

Reverse flow 
Coiled wire. d =1.2 x lO-'m 

,, ,, *, 

., *, ., 

3 2 I E. 
I,.I,E z 

04 01 

5 2% e e 01 017 m 
vc D V L .  % I , E
0 1 -O E  7 2  - i g g  5"02 m c o o  $ & $  

z T - a m Jzz.F S E E  i 5 B  u1: 
-

0.50 2 53.10 106 
1.00 2 52.40 106 
1.00 3 52.25 106 
1.50 2 51.60 138 
2.50 2 50.50 106 
0.50 5 53.00 106  
1.00 5 52.20 106 
2.50 5 50.30 106 
2.50 5 50.30 81 
2.50 5 50.30 1 6  
2.50 5 50.30 64 
1.00 10 52.15 106 
1.00 5 52.60 106 
1.00 5 52.60 1 6  
1.00 5 52.60 64 
1.00 5 52.60 106  
1.20 50 54.10 1 0 6  
1.20 10 54.30 106 
1.20 5 54.50 106 

Coiled wire, d = 3.5 X lo-' m 3.50 100  54.15 106 
,, ,, , I  3.50 50 54.50 106 
*, *, I, 3.50 10 56.00 106 

Knurled surface 0.82 2.25 50.00 106 
Multiple-thread spiral, 8 = 1.lO-'n 1.00 11.5 52.20 1 0 6  

-

However, the above s tudies  are c l ea r ly  insufficient for  a complete 
understanding of the effect of roughness  on  heat t r ans fe r  and hydraulic 
res i s tance .  

In o r d e r  to obtain additional data and to es tab l i sh  the empir ica l  relation
ships ,  we c a r r i e d  out experiments  on heat t r ans fe r  and hydraulic 
r e s i s t ance  in  annular ape r tu re s  with roughened internal su r f aces  of var ious  
types and dimensions ( the re  w e r e  2 4  such  surfaces).  T h e  geometr ical  
cha rac t e r i s t i c s  are shown in Tab le  2 .  

Expe r imen ta l  se tup  and working section 

T h e  hea t  t r ans fe r  s tud ies  in  smooth annular ape r tu re s  w e r e  c a r r i e d  out 
in  a setup having a closed circulation loop, a t  an  air p r e s s u r e  P = ( 1 - 3 ) .  
. i . 0 2 . 1 0 - 4 ~ / ~ 2 .  

T h e  air t empera tu re  w a s  m e a s u r e d  on the  diaphragms a t  the inlet and 
outlet of the working section with chromel- alumel  thermocouples (0.0003 m 
in diameter).  T h e  air-flow r a t e  through the diaphragm was  determined 
f r o m  the p r e s s u r e  difference m e a s u r e d  using a differential manometer  
f i l led with dis t i l led water  or mercury (depending on the magnitude of the 
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gradients).  T h e  diaphragm was calibrated in  advance with the aid of a 
P rand t l  tube. T h e  p r e s s u r e  drop in the working section was determined 
by measuring the s ta t ic  p r e s s u r e s  at  the inlet  and outlet c r o s s  sections.  
On each section, four s ta t ic  openings (0.6-1 m m  in diameter) were  
connected to each other and to the differential  manometer .  

The  centrifugal blower was driven by a d. c. motor ,  and thus the 
rotational speed could be smoothly var ied ove r  a fa i r ly  wide range. 

T h e  working section consisted of a s t e e l  pipe of d i ame te r  d 2 ,  into which 
was inser ted a smooth o r  roughened ca lo r ime te r  made  of smooth cylindrical  
s t e e l  o r  duralumin tubes 0.054m in diameter ,  with heating elements  
(nichrome wire  coils) inser ted in them. T h e  ca lo r ime te r s  were  heated by 
cu r ren t  f rom a d. c. generator’:’, using copper buses  and flexible conducting 
wire.  T h e  cu r ren t  s t rength and the voltage drop on the ca lo r ime te r  were  
measu red  with portable laboratory in s t rumen t s  of the M-16 type 
(precision c lass  0.2). 

The  temperature  of the ca lo r ime te r  su r face  was determined f rom the 
readings of 7 to 28 thermocouples.  Two types of thermocouples were  used: 
chromel-alumel,  with a diameter  of 0.0003m (spot-welded to the s tee l  pipe 
with the aid of the discharge of a spec ia l  capaci tor)  and copper-constantan, with 
a diameter  of 0.00015m ( inser ted  into the she l l  of the ca lo r ime te r  to a 
depth of 0.0005m). The  difference between the thermocouple readings in 
the above two c a s e s  did not exceed 1 %. The  dispers ion of r e s u l t s  obtained 
for  one section did not exceed 1.570. The  connecting w i r e s  running to the 
thermocouples passed through grooves cut in the ca lo r ime te r  shell .  T h e  
grooves with the thermocouples were  cemented with dental cement. T h e  
cold junctions were  i m m e r s e d  in thawing ice.  The rmomete r  readings were  
taken by a potentiometric method. T h e  ca lo r ime te r  ends were  insulated 
with textolite s leeves,  and the ca lo r ime te r  was centered (with r e spec t  to 
the channel axis) a t  the upper and 1GWer g r ids  with the aid of adapters .  
T h e  whole working channel was insulated with asbestos  cord. 

In the c a s e s  of d 2 / d l  = 3.08, 4.92, and 8.24, the inner  heat- t ransfer  
surface*consis ted of a s ta in less -s tee l  tube 13/2. m in diameter ,  which 
was  inser ted i n  channels 0.04, 0.064, and 0.107m in diameter  and heated 
by a. c. f rom the line, using an AOMK- type autotransformer.  Copper
constantan thermocouples 0.00015 m in diameter  were fastened to the 
su r face  and led out to the ends through grooves.  

A conventional tube (produced commercially) having a sl ightly roughened 
surface was used in the experiments.  After additional treatment,  the 
cleanness  of the surface was checked by means  of an MIS-11microscope 
(used to determine the absolute magnitude of surface roughness).  

The maximum heights of the su r face  protrusions determined by the 
above method were  much  lower than the allowed heights (according to / 8 / ) ;  
hence, the tube surface could be r ega rded  as being hydraulically smooth. 

Smooth annular ape r tu re s  

T h e  experiments’:’ic were  c a r r i e d  out with a ca lo r ime te r  su r face  heated 
to tw = 373  f 10°K. The  a i r  t empera tu re  w a s  varied within the range 

The d. c. generator regulated the electric power supplied to  the calorimeter smoothly and accurately. 
.I The technicians N. M. Burgvits, I. N. Kovaleva, S. N. Shuraeva, S. N. Yakovleva, and V. N. Andronova 

took part in  the experimental work and in  the processing of the experimental data. 
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TWl a  = 298 - 318°K.  The  values of the tempera ture  factor ,  -, ranged f rom 
T a  

1.14 to 1.25. The  experimental  data were  processed  in t e r m s  of s imilar i ty  
numbers: 

a) Nusse l t ' s  

b) Reynolds' 

where Q = U I  is the heat generated by the heating element, w; F = - d d , L  
is the heat t r ans fe r  sur face  of the calor imeter ,  m2; 1, i s  the ar i thmetic  

mean tempera ture  of the ca lor imeter  surface,  "K; t s  = is the 
2 

s t r e a m  tempera ture ,  taken as  the ar i thmetic  mean of the tempera tures  a t  

the inlet and outlet, OK; G- 9'81 is the m a s s  flow r a t e  of a i r ,  measured  by
3600 

the diaphragm, n/  sec;  IP) i s  the mean velocity in  the channel, m/  sec; 

h. 1.163 ; -1 __ ;p.9.81 k. a r e  the thermal  conductivityM2 M' , c, [kz]
M"K 3600 sec 

and kinematic viscosity coefficients, the density, and the heat capacity of 
a i r ,  respectively,  r e f e r r ed  to the mean tempera ture  and p res su re  in the 
working channel. 

5 105 5 A c  

FIGURE 1. Heat transfer in smooth annular channels. The experimental data were 
processed according to the equation Nu, = 0.02, Re!.* at d=d2-d , .  
l - d z l d ,  ~ 1 . 8 2 :2-1.92; 3-3.08; 4-2.13; 5-1.185; 6-1.41; 1-1.98; 
8 -1.1; 9 -8.24. 
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Since some  of the exper iments  were  ca r r i ed  out on relat ively sho r t  
Lheated sect ions ( ~ " 1 6 - 115), we introduced a cor rec t ion  factor  e = f ( R e ,  L / d )  

( in  accordance with / 1 4 / )  in the c a s e  of ape r tu re s  with -L < 50.
d 

F i g u r e  1 shows marked  s t ra t i f icat ion of the experimental  points f o r  the 
d, .var ious  channels; the s t ra t i f icat ion becomes  m o r e  pronounced as -is 
d, 

is introduced in o rde r  to obtain anreduced. A geometr ic  fac tor  (trz
single-valued relat ionship.  The  points recalculated by taking into account 

the above pa rame te r  in  the fo rm -Nu = /(Re) lie (with a d i spers ion  of 
(d/d1)"' 

only 6 % )  on a s t ra ight  line obeying the equation 

Nu =0.023 Re0.*Pr (d/dl)o.z ( 4) 

or  

Nu = 0.020. (d/d,pz . 
dB y  multiplying both s ides  in  equation (5) by 2,we obtain 
d 

i. e . ,  

Thus,  a single-valued relat ionship m a y  be  obtained by taking the inner  
tube d iameter  as the geometr ica l  cr i ter ion.  

F igu re  1 shows the experimental  r e su l t s  calculated using the d iameter  
of the heat t r ans fe r  tube as the c r i te r ion  ( in  the form 1/2Nul= / ( R e , ) )  f o r  
annular ape r tu re s  with d, /d ,= 1 .185  - 2 . 1 3  and 2Nu, = f(Re,) for dzdl  = 
= 3.08  - 8.24 .  T h e  r e su l t s  processed  in the above manner  are in good 
agreement  with equation ( 6 ) .  

The  experimental  r e su l t s  on the hydraulic r e s i s t ance  in the c a s e  d2/d, = 
1 . 1 8 5  - 2.13  a r e  in good agreement  with the well-known Blasius-Nikuradze 
equation. 

Roughened ape r tu re s  

T h e  following types of roughness were  investigated: 
1) t r iangular  teeth of var ious  heights and var ious  distances between the 

teeth (Figure 2); 
2) s p i r a l s  m a d e  of 1 . 2  and 3.5 m m  wi re  wound on a smooth tube (F igu re  3); 
3) inclined pro t rus ions  ("slanting" roughness)* (F igu re  4,a,b). Since 

the shape of this  roughness was  nonsymmetrical  with r e spec t  to the s t r e a m ,  
the exper iments  were  c a r r i e d  out with s t r e a m s  flowing i n  both direct ions,  

The so-called "slanting" roughness was used for the first time in 1949 by V .  h.1. Antuf'ev. 
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thus, fo r  the sake  of convenience, the flow in F i g u r e  4,a would be r e f e r r e d  
to as "forward" and in F i g u r e  4,b as " reverse"  flow; 

I s 1 


FIGURE 2. Roughness in the form of triangular teeth. 

FIGURE 3. Roughness in the form of a spiral. 

a 

W 

b 

FIGURE 4. "Slanting" roughness. 

4) rec tangular  pyramids,  produced by knurling; 
5) multiple-start  thread of rec tangular  profile. 
T h e  t r iangular  and "slanting" roughness,  as well as the knur l s  and the 

multiple-start  thread,  were  lathe- turned on thin-walled tubes. In this  
way, the roughness threads  and the tube formed one unit. 

T h e  second type of roughness was  produced using 1 . 2  m m  nichrome wi re  
and insulated e lec t r ica l  w i re  with an ex terna l  insulation d iameter  of 3. 5 mm.  
In both cases ,  the wire  was  tightly wound on the smooth  ca lo r ime te r  and 
fastened a t  the ends. 

T h e  equivalent d iameter  ( the difference between the in te rna l  d iameter  
of the ex terna l  channel and the mean-volume d iameter  of the in te rna l  tube) 
was  taken as the cr i ter ion.  T h e  heat t r ans fe r  was  r e f e r r e d  to the su r face  
of a smooth  cylinder of d iameter  equal to the mean-volume d iameter  of the 
ca lor imeter .  T h e  s a m e  approach was  used in  determining the c r o s s  sect ion 
and velocity of flow. 

T h e  heat t r ans fe r  in roughened annular ape r tu re s  depends, apparently, 
on the following p a r a m e t e r s  ( a t  Pr = 0.71 = const): 

1) Re  - the Reynolds number. T h e  exper iments  showed that in  the 
given range  of Reynolds numbers ,  all heat- t r ans fe r  cu rves  f o r  the 
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roughened annular  ape r tu re s  could be regarded as equidistant curves  for  
smooth aper tures ,  their  slope, corresponding to an exponent of the 
Reynolds number,  equal to 0.8. 

2) 	 -- the re la t ive  dimension of the annular  aper ture .  According to 
d m  

our experimental  data, the heat t ransfer  in smooth annular  ape r tu re s  ( in  
the case  of in te rna l  heating) obeys the equation (for  air) 

Nu =0.02 ' Reo.8(d/d,p* , 

where d , = d ,  is the d iameter  of the inner  smooth tube, equal to the mean-
volume d iameter  of the roughened tube. We sha l l  a s sume  that the value 
0.2 is t rue  a l so  for  roughened aper tures .  

3) 


4) 


h-- the re la t ive  height of the roughness.
d 

the re la t ive  distance between the roughness  e lements .  
d 
s 


2 3 4 . 5  


104 z 3 4 5 2 3 4 A C  

FIGURE 5. Heat transfer and hydraulic resistance in  an  aperture with 
triangular roughness a t  h/s = 0.5. 

1 - h/d = 0.0187; 2 -0.045; 3 - 0.0815; 4-0.0973; 5 - 0.183. 
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Hence, the equation for a i r  is 

or ,  in an exponential fo rm 

Nu = C Reo~8(d/d,)o~z(h/d)p(sld)~ (7 ), 

where  p and q have genera l ly  variable values. 
F i g u r e s  5 and 6 show the experimental  r e s u l t s  co r rec t ed  for the 

d i ame te r  r a t io  (d/d,)O.2 for heat t r ans fe r  in  tubes with t r iangular  and 
"slanting" roughness,  when hls = const. 

FIGURE 6. Heat  tr;insfer and l i jdraulic resistance i n  a n  aperture with "slanrlng" 
roughness ar h/s  = 0.2. 

l - h h / d =  0.0187; 2- 0.0427: 3-0.0877. 
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The  r e su l t s  obtained in comparing roughened and smooth ape r tu re s  are 
shown in  F igu re  7 as functions: 

Nu/Nu, = f ( h / d l  and = f (h ld) ,  

where  Nu and E refer to roughened tubes and Nu, and to smooth tubes. 

FIGURE I. Effect of the relative roughness dimension on the 
heat  transfer and hydraulic resistance a t  R = 10'. The curves 
denoted by - .- . -. -. taken from /a/. 

1In the case  of t r iangular  roughness  a t  h = --s the above function should 
have the fo rm ( f rom equation (7)): 2 

Nu/Nu, =c (hld)P'q 2q  . ( 8) 

Since a s t ra ight  line m a y  be drawn through the experimental  points in 
h

Figure  7 ( in  the given range  of-), i t  is evident that p and 9 are constant
d 

and equation (8) m a y  take the following form 

or, taking (5) into account 

Nu = 0.07 Reo.*(d/d,P2 (h/d)O.'G (9) 
1

In the case  of "slanting" roughness  a t  h = -
5 

s we have the following equation 

Nu =0,13 Re0,*(d/dm)O.* (h/d)o.26. (10) 
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FlGURE 8.  Effect of the distance between roughness 
elements ar h = const (h/d=0.0186) for triangular 
roughness. 
1- sld = 0.00373; 2-0.056: 3-0.093; 4-0.186. 

T h e  above equations can,  apparently, b e  used only for identical  changes in  

the two roughness  p a r a m e t e r s  c- and t),i. e.  , a t  -h 
= const. A s  is 

evident from F i g u r e s  8, 9,  and 1 0 ,  a s imple  exponential relationship 
h 

cannot b e  obtained with changing 5 and constant -.
d d 

FIGURE 9.  Heat transfer and hydraulic resistance inannular apertures with rough
ness in the form of coiled wire. 
1 -s/d = 0.972; 2 -0.194; 3 - 0.097 (h /d= 0.023); 4-2.00; 5 - 0.97; 6 
0.193 (h/dr: 0.0685). 
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FIGURE 10. Effect of h / s  on the heat transfer and hydraulic re
sistance a t  Re = 4 .  lo4. The curve denoted by --- - -
shows the results for rectangular roughness taken from /9/. 
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FIGURE 11. Effect of the shape of roughness on the 
hea t  transfer and hydraulic resistance. 

1- coiled wire; 2 - triangular; 3 - "slanting, '' 
forward flow; 4 - "slanting, " reversed flow. 
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T h e  functions f o r  hydraulic r e s i s t ance  are m o r e  complicated (F igu re  4) 
and are descr ibed  by equations: 

f o r  roughness of the t r iangular  type a t  h/s = 0.5 

d-' = 3.6 Ig -,V-F h 

and f o r  "slanting" roughness a t  h/s = 0.2 

-vz = 2.55Igd/h. 

T h e  above equations may be  used within the r anges  of pa rame te r  
var ia t ions investigated in this  work. 

Thus ,  the effect of roughness of a given shape m a y  be  accounted f o r  by 
introducing empi r i ca l  functions fo r  the re la t ive  roughness dimensions. In 
general ,  the roughness m a y  be  of many various shapes,  however, and thus 
the effect of the roughness shape a t  equal geometr ic  r a t io s  r ema ins  to  be  
solved. 

A comparison of roughness with h = 0.001 m and s = 0.005m in the c a s e s  
of t r iangular ,  "slanting" ( forward  and r eve r sed  flows), and coiled wi re  
roughness shows that in some  cases ,  the shape  has  a marked  effect  on the 
heat t r ans fe r  and hydraulic r e s i s t ance  ( F i g u r e  11). 

A comparison of the r e su l t s  obtained for "slanting" roughness with 
forward  and r eve r sed  flows shows the following. If the flow adjacent to 
the roughened wall  is considered as a flow adjacent to the complex of 
e lements  constituting the given rough sur face ,  the r a t e  of heat t r ans fe r  
(and the inc rease  in the res i s tance)  depend on the angle of incidence. When 
the flow is norma l  to the sur face ,  the heat t r ans fe r  r a t e  is about s ix  t imes  
the r a t e  f o r  longitudinal flow. 

C o n c l u s i o n s  

1) Empi r i ca l  equations have been obtained f o r  the heat t r ans fe r  during 
air flow in smooth annular ape r tu re s  with an inner  heat- t r ans fe r  sur face  
f o r  a wide range  of values of the re la t ive  dimensions of the annular aper tures .  

2) An investigation was  made  into heat t r ans fe r  and hydraulic r e s i s t ance  
in annular ape r tu re s  with roughened inner  heat- t r ans fe r  sur faces .  having 
roughness of various shapes  and dimensions. 

3) E m p i r i c a l  equations are presented  f o r  the calculation of the heat 
t r ans fe r  and hydraulic r e s i s t ance  for two types of roughened su r faces  as 
functions of the i r  re la t ive  dimensions. 

4) T h e  effect of the roughness shape  on heat t r ans fe r  and hydraulic 
r e s i s t ance  f o r  identical geometr ica l  dimensions was  demonstrated.  

5) I t  was  shown that i t  is impossible to  de te rmine  the effect of the 
distance between (or the concentration of) roughness  e lements  on the sur face  
unambigiously, s ince  a t  a constant roughness height, the effect of this  dis
tance h a s  a maximum a t  his= 0.1-0.2 and depends on the shape  of the roughness. 
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L. M. Zysina-Molozhen and I. B. Uskov 

EXPERIMENTAL INVESTIGATION O F  THE HEAT 
TRANSFER ON THE END WALL OF A BLADE 
CHANNEL [IN TURBIEES] 

It  is well  known that the effectiveness of gas turbine plants is markedly 
affected b y  the initial t empera tu re  of the working fluid. Thus ,  when the 
g a s  t empera tu re  is increased above 750°C, the efficiency of gas  turbine 
plants becomes  the same as that of s t eam turbines. In view of the m e t a l s  
available to  the turbine industry,  a g rea t  i nc rease  in  the t empera tu re  of the i r  
working fluid necess i ta tes  cooling of the var ious  elements  of the turbine 
coming into contact with it. 

In  gene ra l  the total heat removed f r o m  the gas cons is t s  of two compounds: 
of the heat removed f r o m  the gas  through the blades (due to the the rma l  
conductivity of the blade ma te r i a l  and the t empera tu re  gradient between 
the blade tip and roo t )  and of the heat removed from the gas through the 
interblade land of the ro to r  body. In  modern  gas  turbines,  the c r o s s -
sectional area of the blade fin a t  the root i s  smaller (by a fac tor  of 1.5 t o  2)  
than the su r face  area of the blade channel, while the heat t r ans fe r  
coefficients on these  su r faces  have r a t h e r  s i m i l a r  values.  Thus, a 
considerable fraction of the heat r eaches  the ro to r  through the end wall  of 
the blade channel. However, only a l imited number of pape r s  dea l  with 
heat t r ans fe r  on the end wall  of the blade channel. The only experimental  
work in  this  field was c a r r i e d  out a t  the IEN of the Ukrainian Academy of 
Sciences / l / ,  and according to  it, the  heat t r ans fe r  r a t e  (in the R e  range 
between 1.4. lo5 and 6 .  lo5) should be  calculated using the empi r i ca l  
equation 

100 

where  p i s  the deflection angle of the fluid; t is the cascade pitch; b is 
the  chord line; Nu and R e  a re  the Nusselt  and Reynolds numbers  r e f e r r e d  
to the chord l ine and the velocity a t  the cascade inlet (in t e r m s  of physical  
constants calculated on the bas i s  of the mean  (over the channel) gas 
t empera tu re). 

T h e r e  are a number of theoretical  p a p e r s  in  which an  attempt w a s  m a d e  
t o  der ive  a method f o r  the calculation of the three-dimensional dynamic 
boundary layer c rea t ed  on t h e  end wall  of the blade channel during flow 
adjacent toa  blade cascade. Markov / 2 /  proposes  a method for  the 
calculation of the secondary losses, based  on a solution of the spa t ia l  
boundary layer equation. Moreover ,  the paper  of Stepanov and Naumova 
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makes  recommendat ions f o r  the determinat ion of the velocity profile 
constituents and of the flow l ines  in the three-dimensional  boundary layer 
crea ted  in  the vane channel. 

T h e  mos t  genera l  solution of the dynamic pa r t  of the three-dimensional  
boundary layer  problem was  der ived by Bogdanova 3 1 .  However,  the 
numer ica l  solution of specif ic  problems using this  method r equ i r e s  a 
knowledge of the pa rame te r s  determining the longitudinal and t r ansve r se  
components of the p r e s s u r e  grad ien ts  in the ex terna l  flow. 

The  experimental  study on the s t ruc tu re  and nature  of secondary cu r ren t s  
on the end wall i n the  blade channel ( for  the determination of secondary  
losses)  has  been the subject  of many papers  reviewed f a i r ly  comprehensively 
in 141. T h e  spec ia l  f ea tu re s  of flow in the boundary layer  on the end wal l  
are determined,  on one hand, by  the influence of t r ansve r se  p r e s s u r e  
gradients  of the  blade channel on the flow, and on the other  hand, by the 
interact ion of the boundary l aye r s  formed on the end wall and the l a t e ra l  
sur face  of the blade fin in the angular  region. 

Loitsyanskii 151  and Bol'shakov 161 have studied the in te r fe rence  of 
dynamic boundary l aye r s  during fluid flow on the inner  angle between two 
flat plates. Zysina 1 7 1  evaluated the effect of boundary l aye r  in te r fe rence  
on heat t ransfer .  The  data  of / 7 /  show that f o r  cer ta in  values  of the 
tempera ture  fac tor  and the r a t io  of the cascade pitch to the charac te r i s t ic  
thickness of the interfer ing boundary layers ,  the effect of the interact ion 
becomes considerable, and the r e su l t s  fo r  the angular region differ 
markedly  f rom the heat t r ans fe r  r a t e  calculated fo r  the case  of a s t r e a m  
(without a gradient) adjacent t o  a flat plate. 

Theore t ica l  solutions fo r  the evaluation of the effect of t r ansve r se  
p r e s s u r e  gradients  on the heat t r ans fe r  r a t e  have not been published. 

Thus,  i t  is evident that experimental  s tudies  a imed a t  providing 
equations for  computing the heat t r ans fe r  r a t e  on the end wall of blade 
channels a r e  necessary .  In this  paper  we present  the r e su l t s  of an ex
per imenta l  determinat ion of the average  heat t ransfer  coefficients f o r  the 
above problem. 

The  setup used f o r  the s tudies  is schematical ly  as follows. A i r  a t  
requi red  pa rame te r s  is supplied f r o m  externa l  air blowers  through a 
r ece ive r  into a plate air hea ter  consisting of two sect ions,  where  i t  is 
heated to the requi red  tempera ture  by heat f r o m  the combustion of kerosene  
products  in a combustion chamber .  Because of the high res i s tance  of the 
air hea ter ,  the air flow a t  i t s  outlet is leveled. F u r t h e r  leveling of the 
flow occur s  in the honeycomb smoothener  fitted immediately behind the a i r  
hea t e r  in the direct ion of flow. The  concurrent  flow sys tem employed in 
the heat exchange c i rcu i t  of the air hea ter  provides pract ical  s tabi l i ty  
(with t ime)  of the heated air tempera ture  a t  the inlet of the nozzle. After  
pass ing  the nozzle section, the hot-air s t r e a m  reaches  (at a given 
incidence angle) a blade cascade consisting of nine cyl indrical  turbine 
blades of the investigated sect ion (the blade height is 0.09 m). Flow along 
the cascade ax is  (at i t s  inlet and outlet in the descr ibed setup)  may be 
leveled by any known method. Immediately in front of the cascade,  a t  a 
minimum distance f rom i t s  e lements ,  the boundary layer  was  separa ted  
(by suction) f rom the sur face  of the supply channel, passing subsequently 
(in the flow direct ion)  into the end wall between the sect ions.  
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All necessa ry  the rma l  and dynamic measu remen t s  of the flow 
cha rac t e r i s t i c s  were  c a r r i e d  out on the th ree  cen t r a l  blades and the 
channels formed by them. T h e  end wal l s  of these three  channels se rved  as 
the heat-extracting su r faces  of the water-cooled flow ca lor imeter .  A 
schemat ic  view of the working sect ion is shown in F i g u r e  1 .  T h e  main pa r t  
is the she l l  of the flow ca lo r ime te r  (3), with p r e s s u r e  ( 2 )  and overflow (9) 
s leeves .  T h e  s ide,  end, and bottom wal l s  of the ca lo r ime te r  w e r e  coated 
with an insulating layer  which (as shown by  coiitrol experiments) vir tual ly  
eliminated the heat t r ans fe r  between the air surrounding the ca lo r ime te r  
and the water  used to cool it. T h e  upper supporting wall  was  made  of 
brass. F o r  each  sect ion and each  cascade  e lement  there  w e r e  sepa ra t e  wal l s  
of appropriate shape. Only the end wal l  of the middle blade channel, formed 
between two teflon ( A  = 0.0232 w / m *deg) b lades  was  in d i r ec t  contact with 
w a t e r  on the ca lo r ime te r  s ide  and with air on the r e v e r s e  side. T h e  two 
o ther  end wal l s  (positioned a t  the ca lo r ime te r  lid) w e r e  e i ther  insulated 
against  contact with the air s t r e a m  by  means  of shaped asbestos-cement 
p ieces  (5) of thickness 6 = 0.01 m ,  o r  e l se  they were  covered with Schmidt-
type the rmomete r s  whose total thickness was  a l so  0.01 m. T h e  teflon 
blades (4) could be  replaced by any other  s imi l a r ly  shaped blades. F o r  
instance, the p r e s s u r e  distribution measu remen t s  w e r e  made  with b r a s s  
b lades  positioned along the sect ion enc losure ,  and which w e r e  bled a t  two 
sec t ions  over  the i r  height ( the  middle and root). 

FIGURE 1. Schematic view of the working section. 

The ma in  pa rame te r  de te rmined  experimentally was  the heat t r ans fe r  
coefficient, calculated by  the equation: 
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. 	 where  Q is the heat flux through the end wall; F is the surface a r e a  of the 
end wall; to  is the mean gas  temperature  in the channel; fr is the end wall 
t empera tu re  averaged over  the surface.  

The  value of the heat t r ans fe r  coefficient was calculated f rom experi
mental  r e s u l t s  obtained for  three types of turbine sections a t  various g a s  
velocit ies and t empera tu res  (a t  the cascade inlet) ,  var ious flow angles,  
var ious pitch- chord ra t ios ,  and var ious values of the temperature  factor .  

The  use of three different blade sect ions,  having markedly different 
velocity profiles,  made  i t  possible to p repa re  recommendations for  a 
fa i r ly  wide selection of gas  turbine cascades;  it should be borne in mind 
that we deal he re  only with the root section responsible for  the direct  
shaping of the s t r e a m  over  the end wall  of the blade channel. 

T h e  heat flux through the end wall of the blade channel was measu red  
during the experiments  by a ca lo r ime t r i c  method; the water  flow through 
the calor in ,e ter  was determined by weighing and continuously r eco rded  by 
an  electronic  r e c o r d e r  of the 0.5 precis ion class .  The ca lo r ime t r i c  t empera 
ture  gradient with r e spec t  to the cooling water  was measu red  usinga differential  
chromel-kopel '  hyperthermocouple (d i ame te r  0.0005 m) with amplification 
of the e. m .  f. by a factor  of five; continuous recording was made  by an 
electronic  potentiometer of the 0.5 c lass .  The heat flux through the 
thermally-insulated ca lo r ime te r  walls was measu red  with separately 
calibrated thermometers .  The  end wall temperature  was measu red  with 
copper-constantan thermocouples (diameter  0.15 m m )  positioned on the four 
channel sect ions;  the thermocouple embedding scheme has  been descr ibed in 
1 8 1 ;  the the rma l  e. m .  f. was recorded continuously by an electronic  
potentiometer of the 0.5 precision class .  T h e  air temperature  in the channel 
was assumed to be equal to the temperature  measu red  a t  the inlet  of the 
nozzle. 

Adjustment experiments  showed that measu remen t  at  such points in the 
flow direction (with fa i r ly  good external  insulation of the input channel) 
introduces pract ical ly  no e r r o r ;  the thermal  e. m. f .  was r eco rded  
continuously by an electronic  potentiometer of the 0.5 precis ion c lass .  

The  s ta t ic  p r e s s u r e  distribution along the section enclosure and on the 
end wall of the blade channel, as well  a s  a t  one pitch distance from the 
inlet  section of the cascade,  was measu red  through the respect ive drain 
holes (0.0005 m in diameter)  with U- tube p r e s s u r e  gages filled with water .  

T h e  total head at  the inlet  of the accelerat ion contraction was measu red  
by a conventional P rand t l  tube; in subsequent calculations we neglected 
the total head l o s s e s  in the nozzle and the supply channel, s ince the 
adjustment experiments  showed that these lo s ses  a r e  negligible in 
comparison with the absolute magnitude of the total head. The  outlet angle 
was measu red  with a conventional angle gage. In addition, measu remen t s  
of the t empera tu re  and velocity f ie lds  in the boundary l aye r  were  m a d e  
direct ly  on the end wall of the blade channel; appropriate microthermo
couples and microtubes were  used f o r  these measurements .  The  purpose 
of these experiments  was to  check the validity of an approximate theorst ical  
solution (proposed in 1101)  of the problem of heat t r ans fe r  in the spa t ia l  
boundary layer  discussed here .  When the above method was used, the 
e r r o r  in the experimental  determination of the heat t ransfer  r a t e  did not 
exceed !tu = 10%. 
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In the experiments ,  we studied the  heat t r ans fe r  to the end wall  of the 
cascade  channel m a d e  of the T-Z 	and 494 profiles and of the upper section 

profile of the moving blade of the f i r s t  
s tage  of a gas  turbine (700-5) with a 
chord b = 0.06m, re la t ive  pitch F =  0.533 
and 'i= 0.9 a t  inflow angles = 27"30' 
and 86". T h e  calculated velocity distribu
tion along the profile enclosure of some 
of the investigated cascades  is shown in 
F i g u r e  2. T h e  velocity profiles show 
that the experiment  comprised virtually 
the en t i re  possible range of velocity 
changes in  the blade channels of modern  
g a s  turbines. 

Aerodynamic blowdown of a cascade of 
b lades  (T-Z profile, with a pitch 1 = 0.9) 
a t  the optimum inflow angle PI = 27'30' 
confirmed that the experimental  and 
calculated velocity distributions along the 
profile enclosure are in sa t i s fac tory  
agreement .  In  subsequent experiments,

FIGURE 2. Velocity dis t r ibut ion along the i t  was thus possible to eliminate the needenclosures of some of the studied profiles. 
to m e a s u r e  p r e s s u r e  distribution ove r  the 
blade, and to  use as a b a s i s  the distribu

tions calculated by the method of Zhukovskii / 111. 
T h e  experiments  extended over  flow conditions corresponding to  

Reynolds numbers  between 3- l o 4  and 4 . 5 0 1 0 ~ .  T h e  Reynolds numbers  w e r e  
calculated on the b a s i s  of the velocity a t  the cascade  inlet  and the length of 
the profile enclosure divided by n was taken as the c r i te r ion ;  the value of 
the kinematic viscosity coefficient was  se lec ted  on the b a s i s  of the a i r  
t empera tu re  a t  the inlet. 

In such a case, the t empera tu re  f ac to r  $=TJTo(where T, is the end wall  
t empera tu re  and To i s  the t empera tu re  of the a i r  s t r e a m )  ranged f r o m  0.54 
to 0.90. I t  should be  mentioned that in modern g a s  turbines operating a t  
g a s  inlet t empera tu res  To = 700 2: 850"C, designed f o r  t empera tu res  of the 
o r d e r  of TO- 1100 - 12OO0C, and charac te r ized  by Reynolds numbers  
R e  # 5 . l o 4  - 2-105, the value of $I i s  0.7 - 0.8 (if the wall  t empera tu re  is 
taken as  T, = 450 - 750°C). 

Thus, the experiments  encompassed virtually the en t i re  range of 
variations in the c r i t e r i a  fo r  the heat t r ans fe r  p rocess  in modern  and fu ture  
g a s  turbines. 

T h e  r e s u l t s  obtained in  the processing of the experimental  data are  shown 
in F i g u r e  3, as a plot of N u  vs. Re. T h e  figure shows that the experimental  
points f o r  each of the cascades studied differ in  the profile geometr ies ,  the 
flow angles,  and the pitch, and m a y  b e  descr ibed by equations of the Nu = 
= C - Ren  type which m a y  b e  classified into th ree  groups.  

At  R e  < 6-104, all points a re  grouped round a family of para l le l  l ines ,  
the exponent of R e  being n = 0.5; a t  R e  > IO5, the points are  grouped round 
a l ine with n = 0.8; a t  R e  between 6 - l o 4  and I O 5 ,  t he re  ex i s t s  a transit ion 
reg ion  in  which Nu i n c r e a s e s  sha rp ly  with increas ing  Re. F o r  the sake  of 
comparison, a dashed l ine in  F i g u r e  3 r ep resen t s  the cu rves  corresponding 
t o  values of Nu which w e r e  calculated using equations valid f o r  the case of 
a gradien t - f ree  flow around a flat  plate. 
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FIGURE 3. Heat transfer rare on the end wall of a blade 
channel. 

1 - profile T - r ;  2 - profile T ;  3 - profile 494. 

It is evident that the experimental  points fo r  the end wal ls  l i e  on a curve  
which is qualitatively s i m i l a r  to the curves  represent ing  function Nu = Nu(Re) 
for  the case  of gradient-free flow round a plate; in some cases the 
experimental  points fa l l  on the broken lines, while in other  cases ,  the l ines  
r ema in  para l le l  fo r  the given sect ions but the .experimental curves  are 
displaced markedly  with r e spec t  to the broken l ines  s ince the va lues  
corresponding to N u  differ considerably. 

T h i s  displacement m a y  be  represented  quantitatively as the change in the 
coefficient C in function N u = C  Ren.  A s  we mentioned above, the following 
equations are valid: 

Nu = Cla,Reo.5 a t  Re <6.104 
Nu =CmrbReo.8 a t  Re > IO5, 

where Clam and C m r b  are var iab les  charac te r i s t ic  of the end wall of each  
of the cascades  studied. 

It m a y  be noted that the pecul iar  para l le l  displacement  of the l ines  f o r  
the var ious cascades  is associated with the effect of t r ansve r se  and 
longitudinal p r e s s u r e  grad ien ts  in  the ex terna l  flow over  the end wall. 
The  magnitude of the t r ansve r se  p r e s s u r e  gradients  depends on the velocity 
distribution along the profile enc losure  in the cascade and is a function of 
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the profile geometry,  the cascade pitch, and the flow angles. It is evident 
that m o r e  marked  displacement of the experimental  heat t r ans fe r  r a t e s  f rom 
the values charac te r i s t ic  of gradient-free flow round a plate should be 
expected a s  the p r e s s u r e  gradient is increased.  

FIGURE 4. T h e  function Cw=AWTx). 
- profile T; F=0.583. 8,=27O30'; - _  f=O.WO. 61=27"30';-

t =0.900, B,-86'; 
- - i = 0 . 5 8 3 ,  B1=86'. 

F i g u r e  4 presen t s  cu rves  showing the var ia t ions in a dimensionless 
pa rame te r  selected to cha rac t e r i ze  the t r ansve r se  p r e s s u r e  gradient 

along the curved axis  o f theb lade  channel for  some  of the cascades studied. 
An examination of the cu rves  in F i g u r e s  3 and 4 leads to the observation 

0 

FIGURE 5. The function 
Ci=Ci (m). 

that f o r  p r e s s u r e  var ia t ions of a m o r e  o r  
l e s s  s imi l a r  nature ,  the heat t ransfer  ra te  on 
the end wall  is lower if the cascade pitch is 
s m a l l e r ;  this can probably be attr ibuted to the 
effect of interference f rom boundary l a y e r s  on 
the end wall butt with the generating su r faces  of 
the profile. T h i s  is qualitative proof of the 
validity of the conclusion a r r ived  a t  in 
theoret ical  paper 1 7 1 ,  that i t  is n e c e s s a r y  to 
make  a correct ion f o r  interference f r o m  boundary 
l a y e r s  in the calculation of heat t ransfer  in such 
c a s e s  where the thickness of the boundary l aye r  
on intersect ing su r faces  is of the same o r d e r  a s  
the cascade pitch. 

In our  experiments ,  we were  unable to eliminate the effect of the 
temperature  factor  on the magnitude of the correct ion introduced into the 
heat t r ans fe r  r a t e  calculated by the above-mentioned equations; this is in 
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agreement  with the data  of 191, according to which the tempera ture  fac tor  
should cause a change of about 1 0 %  (which is the accuracy  of our experi
mental  study) in the heat t ransfer  rate within the pa rame te r  ranges  
M = 0.2 - 0.4 and J, > 0.5. 

An examination of the curves  in F igu re  4 shows clearly that the most  
pronounced change in AW ( a  pa rame te r  associated with the t r ansve r se  and 
longitudinal p r e s s u r e  gradients)  occurs  at the inlet and outlet of the blade 
channel. It is evident that the most  pronounced effect of the above 
pa rame te r  on the na ture  of the flow on the end wall is observed a t  the 
outlet, where the boundary layer  is relat ively thick, 

Since the difference between the heat t ransfer  r a t e s  on the end wall and 
on a f la t  plate ( in  gradient-free flow) is expressed  only by the coefficient 
C, i t  would be na tura l  to co r re l a t e  the experimentally determined changes 
in Clam and Cturb with the changes in A V .  

Curves  showing the changes in Clam and C,,,b-with the changes in the 
s lope of the curve represent ing  function AW =A@) in the outlet section of 

the blade Channel ( in  = -)A (A iV) are shown in F igu re  5.
A x  

It is evident that the value of m is within a fair degree of accuracy  a 
single-valued function of the coefficients C. 

The  accumulation of experimental  data on heat t ransfer  on the end wall 
of the blade channel would probably make it possible to co r rec t  the obtained 
relat ionships  to  a cer ta in  extent. However, i t  is possible even now to 
indicate with a fair degree of re l iabi l i ty  the l imi t s  of the region in which 
the effect of a t r ansve r se  p re s su re  gradient  causes  a noticeable deviation 
in the heat t r ans fe r  r a t e  (on the end wall of a curved channel) f rom gradient-
f r e e  flow round a plate. 

On the bas i s  of the above analysis ,  i t  s e e m s  to us  that the importance 
should be s t r e s s e d  of the conclusion that there  is no aerodynamic bas i s  to 
the tendency of der iving equations of the type ( l) ,in which the effect of the 
three-dimensional  na ture  of the flow on the end wall is expressed  by means  
of the geometr ical  pa rame te r s  of the cascade (c,p,, etc . ) .  F r o m  
the aspec t  of the physics  of the process ,  it would be justified to link the 
heat  t r ans fe r  r a t e  on the end wall with the p r e s s u r e  (velocity) distribution 
in the channel. T h i s  is an unambiguous measu re  of the aa tu re  of the flow 
around the end wall, and is a r e su l t  of the overal l  effect of the channel 
geometry  and the s t r e a m  pa rame te r s  on the flow. On the other  hand, no 
such unambiguous effect could be expected in the derivation of equations of 
the type (1) s ince i t  is possible to obtain identical distributions of the 
t r ansve r se  velocity gradients  (and, hence, identical values  of Nu) fo r  
different cascades ,  e. g . ,  a t  different and r. For  instance, this  can be 
deduced f rom a careful  examination of the distribution of experimental  
points in  F i g u r e s  3 and 4. 

The  relat ionships  der ived in this paper  (equation (3) and F igure  5) are 
recommended f o r  the approximate calculation of heat t ransfer  on the end 
wal ls  of blade channels. 

In the calculations, determination of m is not difficult s ince in the 
calculation of the fluid flow, it is customary to calculate the velocity 
distribution in the blade profile enc losure  ( in  a cascade); such a calculation 
method has  been programmed f o r  e lectronic  computers  and is extensively 
used in gas- turbine plants. 
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Yu. P. F i n a t ' e v  

CALCULATION O F  THE HYDRAULIC 
RESISTANCE OF ANNULAR CHANNELS 

Channels with annular c r o s s  sect ions (of the tube-in- tube type) have 
found extensive application in various branches of technology. The  hydraulic 
r e s i s t ance  of such channels is usually calculated by using the equations for  
c i r cu la r  tubes, and the so-called hydraulic d i ame te r  ( d h )  of the annular 
channel is taken a s  the c r i te r ion  

where f is the c ros s - sec t ion  a r e a  and P i s  the whole pe r ime te r .  
However, the experimental  data 1 3 ,  5, 9 ,  111 p rocessed  by the above 

method a r e  not always in agreement  with one another and with the 
corresponding functions for  c i rcu lar  tubes. T h e  principal r easons  for  this 
disagreement  have not been established. 

The  sole  theoret ical  paper dealing with the analytical  calculation of the 
hydraulic r e s i s t ance  of annular channels is that of Ginevskii and 
Solodkin 121 .  

Some qualitative evaluations of the range of possible u s e  of the hydraulic 
diameter  for  the calculation of friction lo s ses  in annular a p e r t u r e s  were  
presented in a monograph 111 .  

Determination of the position of maximum 
velocity in an annular channel 

Experimental  measu remen t s  of the axial  velocity profiles in annular 
ape r tu re s  show that the maximum velocity is on a cylindrical  surface whose 
r ad ius  ZI, is s m a l l e r  than 6/2. Thus, the velocity profile is a symmet r i c  
with r e spec t  to the middle of the channel (F igu re  1). 

Such a curving of the profile i s  associated in the f i r s t  place with the 
difference in  the washed a r e a s  of the inner  and outer  cylinders,  which leads 
to differences in the fr ic t ional  s t r e s s  on those surfaces .  In general ,  i t  m a y  
be writ ten that 
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In o r d e r  to es tab l i sh  the above function, le t  u s  assume that the laws 
governing the turbulence taking place adjacent to the wall, and hence the 
velocity profiles on the inner  and outer  cylinder sur faces ,  are analogous 
and are  descr ibed by the same equations. T h e  effect of sur face  curva ture  
need not b e  taken into account because of the s m a l l  thickness of the 
l amina r  sublayer  as  compared with the r ad i i  of the cylinder. 

w I 

f-

FIGURE 1. Schematic view of the annular channel,  
with conventional notation. 

In o r d e r  to solve the above problem w e  sha l l  examine the turbulent flow 
in an  annular space ,  consisting of two s t r e a m s ,  one on the inner  and the 
o ther  on the outer  cylinders,  the boundary between them being a cylindrical  
su r f ace  f o r  which T* = 0 and on which the velocity u, h a s  a maximum. 

Thus,  in  the annular l aye r  next to  the inne r  cylinder, the f r ic t ion 
v a r i e s  from T,, on the cylinder wall  to  T* = 0, while next to  the outer  
cylinder,  the range is f r o m  1.2 to T, = 0 .  In the  c a s e  of flow in an annular 
channel, the Navier-Stokes equations may b e  rep laced  b y  the equilibrium 
equations fo r  an  annular layer ,  s ince  the only fac tor  determining the motion 
is the p r e s s u r e  gradient between the ends  of the annular channel and the 
flow is r ega rded  as equilibrium flow. 

Le t  us wr i t e  the equilibrium condition in  cylindrical  coordinates in  the 
f o r m  of the momentum conservation equation 

In such  a case we obtain the following express ion ,  valid fo r  equilibrium 
flow n e a r  the inner  cylinder (we a s s u m e  that the direction f r o m  the inner  
to  the outer  cylinder is the positive direction) 

Separation of var iab les  is followed by integration. Af te r  the integration we 
dpa s s u m e  -= const. and obtain
dz 
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T h e  integration constant is obtained f rom the condition T~ = 0 a t  r = r,. 
T h u s  we can  wr i te  

By an analogous method, we obtain the following express ion  fo r  the 
fr ic t ional  s t r e s s  on the outer  cylinder 

Division of (1) by  (2 )  y ie lds  

Since rm- rI = 8 ,  and r,- rm = Q2 we have 

1%+rl =2r1+ 1, and rm+ r1 =2r2-8,. 

Substitution of the above values in (3) yields  

By dividing and multiplying the right-hand t e r m  in (4) by 5 ,  we obtein 

We use the following notation 

Le t  us  m a k e  the t ransformat ions  

and 
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B y  substituting (6) and (7) in (5) and using the above notation, we obtain 

By using equation ( 8 ) ,  i t  is fa i r ly  simple to find the position of the maximum 
velocity. 

By accepting the above assumption, and using the Blas ius  equation f o r  
the tangential s t r e s s  on the channel wall 

zz = 0 . 0 2 2 5 ~LJ* zmaX( I J”’, 
LJ#” 6 

which is equivalent to the condition fo r  the validity of an exponential (with 
an exponent of 117) function f o r  the velocity prof i les  in  the inner  and outer  
cylinders: 

T h e  prof i les  calculated using the above equation a r e  compared  with the 
exper imenta l  prof i les  obtained by u s  / 4 /  and other  au thors  19, 111 in 
F i g u r e  2. T h e  prof i les  a r e  in  good agreement,  which conf i rms  the 
validity of our  assumptions.  A s imi l a r  agreement  is observed a l so  fo r  
l a rge  values of Re,, when the value of the exponent is 119 o r  1 /10 .  Let us 
wr i t e  now: 

fo r  the inner  cylinder 

t., = 0 . 0 2 2 5 ~UA,, ( ~1 )””. 
(9)LJm,,81 

f o r  the outer  cylinder 

Division of (9) by ( l o ) ,  taking into account the fact  that in both c a s e s  the 
values of LJ,,,, are equal, yields  

By equating (8) to (ll), we obtain an equation for  the calculation of the 
position of the maximum valocity in the channel: 
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FIGURE 2. Comparison of calculated and experi
mental  velocity profiles at  R e z a  = lo4 - 3'lo4. 

11- exponential velocity profile (exponent-
I 

); 

2, 3 - calculated (according to / 2 / )  velocity 
profiles for the inner and outer cylinders respec
tively; I- experimental data from /4/; 11 -
from /ll/; 111- from /lo/. 

A s  is evident f r o m  equation (12), rmis independent of Re,, and depends 
only on the flow conditions and channel geometry,  which is in agreement  
with the conclusions of / 2 /  and shows the inaccuracy  of the conclusion 
according to which the rad i i  corresponding to the maximum velocity in  
turbulent and l amina ry  flows are equal / IO/. 

T h e  u,,, calculated using equation ( 1 2 ) ,  the calculated cu rves  f o r  turbulent 
flow ( f rom 121) and f o r  laminary  flow ( f rom /8/), and o u r  own experimental  
da ta  as well  as experimental  data  f rom /9 -11 /  are compared  in F i g u r e  3. 

Calculation of the hydraulic res i s tance  
of an annular channel 

Substitution of the values of bl=- 6 and a,=-- U8 in (9)  and ( I O ) ,  
a +  1 a +  1 

respect ively,  yields  
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7 

We introduce the notation 

Using (1) and (2 )  and s o m e  s imple t ransformations / 2 / ,  we can  der ive  
an  equation fo r  the overa l l  coefficient of f r ic t ion 

and a f t e r  substituting the values of Cf, and C,.: 

0.0225 ( * ) 0 ' 2 5 (  1.O. 25 + B) 
P - Rezmax 
"t -

1 + B  

It i s  convenient to use the conventional notation for the coefficient of f r ic t ion 
and the Reynolds number.  

Le t  u s  wr i te  v, = Av,,,, , where vz,, is the m e a n  value of the flow velocity 
in the channel; A i s  a coefficient charac te r iz ing  the degree of filling of the 
profile. 

8By using the relation A =--*, we obtain C,= and we can  r ewr i t e  
( 1 6 )  as p v,. 8 

where Reza = 
v*, 28 

Y 

Since  we have established that in  the case of an  annular ape r tu re  the 
velocity profile i s  exponential, we sha l l  look for  a relationship between vza 
and vzmax on the bas i s  of the above condition. 

Le t  us  wr i te  an equation fo r  the m e a n  velocity of the s t r e a m  between rl  
and rm 

is substituted by 
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a n d  i n t e g r a t i o n  is c a r r i e d  o u t  

,, 

FIGURE 3. Dependence of the position of 
the inaxiinuin velociry in an annular 
channel on the r,/rr ratio. 

1 - calculated using equation (12) for 
n = I :  2 - theoretical. from / 2 / ;  3 
rheoretical. for a laminar flow /8/; I 
exFr i inenta1  from / l o /  for n = 7; I1 -
experimental from / 9 /  for n = 7: 111 -
experimental from /11/ for n = 10 IV -
experimental from /11/ for n = 10. 

T h e  r e s u l t  is 

F o r  t h e  s t r e a m  i n  t h e  o u t e r  c y l i n d e r ,  
of a n  e x p o n e n t i a l  p r o f i l e ) :  

FIGURE 4 .  A= as a func
%mix 

tion of lg Re,, for various values 
of  B 

a n a l o g o u s  s t e p s  y i e l d  ( o n  t h e  b a s i s  

a n d  a f t e r  i n t e g r a t i o n  b e t w e e n  r, a n d  rt , 
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or  

S ince  the total  throughput in  the annular channel is expres sed  by the s u m  
of the throughputs through the annular l aye r s  on the inner  and outer  
cylinders,  equations (19) and (20)  yield 

V m U X  

After  transformation 

or ,  by expressing 
r2 + rl 

by means  of fl and a ,  

UZ,*X (n + 1)(2n+ 1) 
I .  (22)  

In  the case of a c i r cu la r  tube where  = 0 and a+ cn, we obtain 
2n' 
- --;A =  

(n  + 1)(2r l  + 1) 
fo r  a plane channel where  p e l  and a = 1, we have 

A = n . 
n + l  


T h e  calculations made  using equation (22 )  are shown in F i g u r e  4 ,  as 
U , , / V , ~ ~ ~plotted as  a function of Rez., which co r re sponds  to  different values 
of n in the above equation ( a t  given va lues  of p ) .  

When we substi tute in equation (17)  the value of A f r o m  ( 2 2 )  with an 
exponent of 1 f  7, we obtain an  expression f o r  the r e s i s t ance  of a smooth 
channel a t  Re,, < IO5. T h e  e r ror  in  the determination of the r e s i s t ance  of 
annular channels by using the Blas ius  r e s i s t ance  law (using the hydraulic 
d iameter )  m a y  b e  evaluated by taking the r a t io  of the r e s i s t ance  coefficient 
f r o m  ( 2 2 )  to  the coefficient calculated using the equation derived by Blasius.  
A s  i s  evident f r o m  F i g u r e  5, the e r ro r  may b e  as high as 6 % .  

On the b a s i s  of the above account, i t  i s  possible to understand the 
deviations ( in  the direction of higher values) in  the experimental  data f o r  
hydraulic r e s i s t ance  of annular channels as compared with values calculated 
b y  the Blas ius  equation, espec ia l ly  at  small c learances .  T h e  function 
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which is of g rea t  impor tance  in the study of heat t r ans fe r  p r o c e s s e s  in 
annular channels, is shown graphically in  F i g u r e s  5 and 6 .  

FIGURE 5. The  relative hydraulic 
resistance coefficient of a n  annular 
channel as a function of 6 
1,2- calculated using equation (28 )  
a t  n = I and n = 10,  respectively; 
3 . 4  - calculated values (from / 2 / )  
a t  Re,, = lo4 and Re,, = lo ' ,  re
spectively; ( &a is the hydraulic re
sistance coefficient of an annular 
channel calculated by the correspond
ing equations for circular channels 
by using the hydraulic diameter).  

FIGURE 6. The  ratio of the fric
tional stress on the inner cylinder 
wall to the stress on the outer 
cylinder well as a function of 6 a t  
Re,, = i o 4 - io5. 

A somewhat different re la t ionship between T ~ I / T ~ ~and a would natural ly  
ex is t  a t  higher Reln  (above lo5), but i t s  na ture  can be established by  solving 
the problem in a gene ra l  form.  

It is well  known that in  the c a s e  of an exponential velocity distribution 

'p =B (n) Ill" , (23 )  

the value of the exponent dec reases  with increas ing  Re, , ,  while in the 
limiting c a s e  of ve ry  l a rge  values of Re... , the re la t ionship is asymptotic 
and is descr ibed  by an equation comprising a logarithm as the l imi t  of the 
very  s m a l l  exponent. 

However, i t  was  difficult to es tabl ish the function T z , / m = f ( i i )  f r o m  the 
exponential velocity distribution law, and i t  was  necessa ry  to use an 
approximation of the logarithmic profile of the exponential relationship. 

Such an  approach is perfect ly  valid (and is used quite often) s ince  the 
logar i thms descr ibe  the envelope of a family of exponential curves ,  and 
the accu racy  of the approach inc reases  with increas ing  Reynolds number.  

Equation (23)  is writ ten in  the f o r m  
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FIGURE I. The resistance law for a smooth annular channel as 
compared with the resistance law for circular cross-section tubes. 

1- calculated by means of equation (28)  for p = 0.5; 2,3 -
calculated by means of the Blasius and Prandtl equations. re
spectively: I - our experimental data at  = 0.95; I1 - ex
perimental data from /11/ at fi = 0.525. 

solution of the above equation with r e spec t  to U* yields  

By taking the case  of the maximum velocity vmax and bear ing  in mind that 

ujl;= fi, we obtain the following express ions  fo r  the fr ic t ional  s t r e s ses :  

on the inner  cylinder 

on the outer  cylinder 

Division of (25) by (26) yields  

At n = 7, which cor responds  to a velocity profile with an  exponent of 117 ,  
we do in fac t  obtain equation ( 1  1) f o r  the Blas ius  range. 

T h e  position of the maximum velocity is shown in F i g u r e  3 as a function 
of the exponent. 
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Afte r  s o m e  s imple  t ransformat ions ,  the r e s i s t ance  law f o r  a n  annular 
channel may be wr i t ten  in the following fo rm 

Values calculated using the above equation are shown in F i g u r e  7. T h e  
s a m e  f igure  contains the exper imenta l  data of 1111 as well  as our  own 
exper imenta l  da ta  obtained with ve ry  large p values (r, /rt= 0.95); the 
exper imenta l  va lues  agree well  with the calculated curve. 

Assuming in equation (28) that 1 = 0 and (I=03, we obtain the exponential 
r e s i s t ance  law f o r  a smooth c i r cu la r  tube 
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B. P. Ustimenko, K. A. Zhurgembaev, 
and D. A. Nusupbekova 

CALCULATION OF THE CONVECTIVE HEAT 
TRANSFER FOR AN INCOMPRESSIBLE LIQUID 
I N  CHANNELS WITH COMPLICATED SHAPES 

The study of convective heat t r ans fe r  during flow in channels is of g rea t  
impor tance  f o r  many technological devices (high-output heat exchangers,  
r eac to r s ,  etc. ). T h e  theoret ical  ana lys i s  of turbulent convective heat 
t r ans fe r  problems (which is a lmost  always applied in  pract ice)  m a k e s  
extensive use  of the Reynolds hydrodynamic theory of heat t ransfer .  

T h e  analysis  of l amina r  flow conditions, based  on r igid mathemat ica l  
treatment,  is a l so  of considerable impor tance  and m a k e s  i t  possible to 
es tab l i sh  the physical na ture  of the var ious  phenomena and to der ive  
quantitative relat ionships  which are a l so  valid for  turbulent flow. 

In this  paper,  we present  calculated r e su l t s  fo r  the [hydraul ic]  
r e s i s t ance  and heat t r ans fe r  during l amina r  flow of a viscous incompress ib le  
liquid in s t ra ight  o r  curved plane channels a t  different heat flux r a t io s  on 
the channel walls, as well as approximate calculations of the turbulent 
convective heat t r ans fe r  in  channels with the aid of a hydrodynamic 
integrator .  

Calculation of the velocity profile and 
the r e s i s t ance  in  a plane curved channel 

T h e  l i t e r a tu re  / 1/ r epor t s  a genera l  solution of the dynamic problem f o r  
the movement of an incompress ib le  liquid in a channel whose c r o s s  sect ion 
i s  bounded by two c i r cu la r  a r c s  (with rad i i  r ,  and r z )  having a common center .  

T h e  s t r e a m  is a s sumed  to be  flat, and the par t ic le  displacement occur s  
s t r i c t ly  along the concentric a r c s ,  a t  a veloci ty  u, descr ibed  by equation 

where  p is the v iscos i ty  coefficient; C, and C, are the integrat ion constants; 
and C is a constant. 

T h i s  solution will now be examined in  m o r e  detail. Determination of 
the integrat ion constants C, and Cz f r o m  the boundary conditions 

u , = O  at r = r l  and r = r 2  
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and substitution of their  values in  equation (1) yields 

- I
where r =  -. 

11 hBy introducing the curva ture  parameter  m = -(where  h is the channel 
rl 

half-width) we m a y  r ewr i t e  ( 2 )  as: 

Here  = -	Y and y is the dis tance measured  f rom the channel center ,
r 

Let  us  find the mean velocity -b9by using the equation 

Substituting ( in  the above equation) the value of v, f rom (2) and integrating, 
we obtain 

or  

The  dimensionless  velocity 	% distribution over  the channel c r o s s  
V? 

sect ion is shown in  F igu re  1, for  different values  of the curva ture  pa rame te r  
It is evident that as m is increased,  the maximum in the velocity profile 

shif ts  in  the direct ion of the inner  channel wall. The  res i s tance  coefficient 
E is determined from the equation 

--=dP E - P;: 
r,dcp 2 ( r 2 - r , )  2 ' 

where re=-. 	 + r2 
2 
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-1 -a5 0 a5 l j  y.0 $2 LgRe 

FIGURE 1. Dimensionless velocity 2 profile and resistance 
9 

coefficient E in a plane curved channel.  

a - 1- straight channel; '2 - R E ? :  :1 - R , 3 :  b - 1 -
straight channel: 2 - R = 4  ; 3 - R = I o :  4 - the function 
F = / ( R )  for Re = 3' lo4. 

By substi tuting the value of the mean velocity from (5) in the above 
equation, we obtain 

4- ( R - 1)4 

E = - ( 7 )  

or, in terms of the curva ture  pa rame te r  m 

64 -m0 
3 

[(l +%)'- 11*-4(1 + 2m)*In*(1 + 2 m )  

e 

FIGURE 2. Distribution of the dimensionless excess tempera-
tore in a straight (a) and a curved (b) plane channel.  

a - 1--q.,=0.5 ; 2 - 9.,=I: 3 - 4r1=2: b - l - R = l ;  2 -
R-3; 3 - R-21 (-qg,-l), 

101 



It is evident that when (7) is t ransformed to  the boundary condition a t  17- I 
we obtain a value which coincides with the conventional value of the 
r e s i s t ance  coefficient fo r  a plane s t ra ight  channel 

E = - .  96 
Re 

Values of the r e s i s t ance  coefficient a r e  plotted in F igu re  2 as functions 
of the Reynolds number and the curva ture  parameter .  In curved channels, 
the r e s i s t ance  coefficient i nc reases  as the curva ture  pa rame te r  is 
increased.  

Heat t r ans fe r  in a plane s t ra ight  channel 

Le t  us  a s sume  an incompressible  liquid flowing with a m e a n  velocity 
in a f la t  s t ra ight  channel whose half-width is h.  The  flow is laminar ,  and 
the velocity field satisfies the equation 

The  s a m e  velocity distribution should be maintained a l so  when heat t r ans fe r  
takes place. It is assumed that the viscosi ty  is independent of the 
tempera ture .  Le t  us a s sume  that s ta r t ing  f rom a cer ta in  c r o s s  section, 
the heat flux densi t ies  9 ,  and 9? on each  channel wall a r e  constant. 

We shalI  analyze a genera l  ca se  in which the heat fluxes on the wal ls  9r 
and q2 are not equal. '> 

F o r  such a f lux ,  the heat t r ans fe r  equation is 

A solution fo r  (9 )  a t  boundary conditions 

should be in the fo rm 

Substitution in  equation (9) of equations (8) and (11) yields  a differential 
equa tion 

A particular solution for the case of q, =qr = const. was derived in  /2/; a case in which one wall is 
adiabatic while a heat  flux q = const. passes through the other was also analyzed in /Z/. 
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... 

whose solution is 

where h is the thermal  conductivity coefficient, and a is the thermal  
diffusivity coefficient. The  s t r e a m  tempera ture  on the channel wall a t  
y = - h i s  

T ~ = T ~ ( x ,- h ) = A x + G ( - h ) =  

= T 1 + G ( - h ) = T 1 - 2 h * + 2 ~ A h x
h a 

hence 

,,,-TI = -2h  91+ 2hx-.;;A 
h a 

(13 )  

The  constant A in the above equations is found f rom the energy balance 
equation 

A= 91 + 9r 
pCnv.2h 

By substituting the expression fo r  A in (13 )  and using the notation @ I =  -% 

we obtain 

The  average (with respec t  to the s t reaming flow) excess  tempera ture  over  
the c r o s s  section is determined by equation 

and, a f te r  substituting the values  f rom (8) and ( 1 2 )  in equation (16), 

is obtained. 

103 

91 



FIGURE 3 1)imensionless 
excess remperarure profiles 
for different valucs of the 
hear f lux  ratios q2,  a r  R 3 

Let  us  now der ive  an express ion  for  the Nusse l t  number on the bas i s  of 
the heat transfer, coefficient a,, with r e spec t  to the wall channel a t  y =h :  

By substituting in (18) the value of 6 f r o m  ( 1 7 ) ,  we obtain 

The  Nusselt  number Nu, with r e spec t  to the other  channel wall a t  y =  - h  
is determined in  a s imi l a r  way: 

or, a f te r  substitution of equations (15) and (17),  

?'he express ion  f o r  the overa l l  Nusselt  number,  calculatei on the 
the total heat flux qo and the total heated sur face ,  is thus 

Nu,- aodequ - qodequ . 
h h(T?-TT,) 
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- + $ - r e  

I I 

I! 1

k c 
i7-

I -T 
I i 
I I 

1

I r 
I ? 
I I 
I 1 
I I 
I ki 
I / I  

FIGURE 4. Effect of ihc  heat flux rario q w  on the 
Nusselr nuiiibrrs (Nuldfld Nu,) for srraighr (curves i. 
2) and plane curvcd (curves 3 , 4 )  channelr at R=3.  

1 and 2 - Nu,, Nu, (s t ra ight  channel); 3 and 4 -Nu,. 
Nu, (curved channel). 

In the above equation 

where  F ,  and F ,  are  the heated sur faces .  
By substituting the value f r o m  equation (13) in  (22), we obtain 

Nu, = 2 +’, 
q 2 1 - 1 

T h e  distribution of the dimensionless excess  t empera tu re  over  the cross 
section of a plane s t ra ight  channel is shown in  F i g u r e  2a, for  different 
va lues  of the heat flux r a t io  9 z l .  It is evident that as the heat flux r a t io  oP1 

is increased the ex t remum in the t empera tu re  profile shif ts  in  the direction 
of the wall  where s m a l l e r  heat flux takes place. The effect of the heat flux r a t io  
qzL on the Nussel t  numbers  Nu, and Nu, is shown in F i g u r e  4. 

Heat  t r ans fe r  during c i r cu la r  l amina r  flow 

L e t  us  examine the equation for heat t r ans fe r  during l amina r  flow of a 
v iscous  incompressible  liquid in  a plane curved channel 

u,dT+Jp dT -- dT 
dr r drp d~ 
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-- - 

The  following equations should be sat isf ied for  plane flow: 

dZT u, = 0, LJ, = 0, ---0, 0. 
Q' axs 

In such  a case the equation would be 

where  7 = subject  to  the boundary conditions: 
I-1 

-
I -=  1,  q = q l = c o n s t ,  

-
r = R = L  , 9 =qz =COllSt 

rl 

The  solution of equation (23) with the boundary conditions (24) should have 
the fo rm 

T =  Ar,cp+G(r) .  (25) 

Substituting (25) in (23) and integrating (bear ing in  mind the boundary 
conditions (24)), we obtain 

R E - I 

The  constant A is determined f rom the energy balance equation 

We sha l l  now der ive  an express ion  fo r  the function G ( r )  on the channel wall 
a t  r = r,: 

R'InRG(r,) = TI--TI = -3 q1 In R + (Rq2+qr)r , ( lnR ( R a+ I )  + I -R* -x Rz - I 

Let  us  wr i te  an expression fo r  the Nussel t  number  for  a curved channel. 
Fo r  this purpose, the flow region is divided into two par t s  f rom the line 
passing through the tempera ture  extremum (adiabatic wall) to the channel 
walls. All  va lues  re la ted  to the region between that line and the inner  wall 
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are marked  by  the subscr ip t  1, while the other  region is marked  by the 
subscr ip t  2.  

T h e  express ion  fo r  the Nusselt  number Nu, is then 

B y  substituting an express ion  fo r  the average (with r e spec t  to  flow ra te )  
t empera tu re  in  (28). we obtain 

x I ( R I n R - ~ + 2 R ~ I n * R - R 2 1 n R  + 
+ ~ R * - ~ R ' I ~ ~ R - I )  R%, i-1 X+ 

4R2 In'R - (R' - 1)' 

f$ InR- -	3 R6 + 2Rd11P R + 9R'InR+ 
4 

+ -3 R* -2R2In2 R -2 P  In3 R +8P In' R 
4 

-2RZ In'R --9 /?In R + -8 R lnJR + 
2 3 

and ult imately 

+9R4 In R + -	3 R2-2R' In* R - 2R' InSR + 
4 

+ 8RIn'R - 2R2 In'R--	 9 R' In R + 
2 
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By analogy, we obtain the following expression for  Nu,: 

A s  in the case  of a s t ra ight  plane channel, le t  u s  der ive  an expression 
fo r  the overal l  Nussel t  number on the bas i s  of the total heat flux: 

where 

Substitution of the value of T2-T,  ( f rom (27)) in  (32) ultimately gives 

N u O = { 2 ( R - 1 ) ( l  + R q z l ) ) { ( R +  1) 

+	-~ R921 + 1 
4R2 In2 R - (R2- I ( - l n R + 2 R 2 - 1-R4 + 

+ 2R2 InsR + 2R2InZR + R* In R}]-' . (33) 

T - TThe  dimensionless  tempera ture  6 = 	-distribution over  the c r o s s  
T,-TT -

section for  921= I is shown in F igu re  2,b f o r  var ious values  of the curva ture  
pa rame te r  m. It is evident that as m i nc reases ,  the dimensionless  
tempera ture  ex t remum shif ts  to the s ide  of the inner  wall. The  effect of 
the heat flux density r a t io  qZ1 on the dimensionless  tempera ture  (6) profile 
is shown in F igu re  3. 

The  distribution of the Nussel t  numbers  Nu, and Nu, f o r  the flow 
analyzed h e r e  is shown in F igu re  4. 
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Solution of the turbulent convective heat 
t r ans fe r  problem with the aid of the 
hydrodynamic integrator 

T h e  heat t r ans fe r  equation fo r  equilibrium turbulent flow of a liquid 
within a channel is: 

T h e  values k = 0 and 1 correspond to  plane and c i r cu la r  channels, 
- xarespectively.  In (35) x- - -

R
wavand F=Ldenote generalized 

aturb . WaVR' W,
coordinates;  aeff= I  + - is the effective thermal  diffusivity coefficient; 

-

W = - is the dimensionless  turbulent velocity profile; and I )  = 3 


W" lo -1, 
i s  the dimensionless excess  temperature .  

T h e  t e r m s  (7)and oeffin (34) a re  usually regarded as known f rom the 
solution of the corresponding dynamic problem (or f rom experiment) and 
f rom the u s e  of the assumptions of the hydrodynamic theory of heat 
t r ans fe r  1 2 1 .  

In the c a s e  of a constant wall temperature ,  the boundary conditions for 
equation (34) a r e  

a t  ;=o o < Y <  I .  a(o ,  i )=~:  
(35) 

a t  X > O  ;=I, e(;, I ) = o .  

In the case of a constant heat flux ( 9  = cons t . )  on the channel walls 
t6=-, and the b o m d a r y  conditions are replaced by:
4 

-
a t  x > O  and 8 = l + m , x ,  ( 3 6 )  

where m, i s  constant. 
T h e  Nussel t  number i s  determined f r o m  the equation 

NU= 
(37) 

'a, 

or,  in  the case of 9v = const. 

T h e  fundamental  equation for the apparatus  i s  ( i n  a genera l ized  form) / 4 /  
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- -  

where 

i=l i = l  

1. and M a r e  normalizing factors .  
By comparing (34) and (39),  i t  i s  s imple to find the modeling conditions 

under which they become s imi l a r  equations and the p rocess  in the apparatus  
is a t rue  model of the actual process:  

5 = x  I 

T h e  boundary conditions for  equation (40) a r e  a l so  selected on the 
apparatus  in such a way that they correspond to the boundary 
conditions of the the rma l  problem (35) and (36). Using the modeling 
condition (40), i t  is possible to determine the capacit ies of the integrator  
vessels ,  the resis tance,  the relationship between the working t ime of the 
apparatus  .F and the x coordinate, e tc . ,  which information is n e c e s s a r y  
fo r  adjustment of the apparatus  to the solution of the actual problem, and 
the recalculation of the experimental  data to correspond to the actual 
t he rma l  process .  F o r  instance,  the capacity of the integrator  ves se l s  
and the r e s i s t ance  6 of i t s  capi l lar ies  a r e  determined f rom the equations 

where 

A s  in the e a r l i e r  case ,  the Nussel t  number is determined by means  of 
equations that a r e  analogous to (38) and (39): 



However, the calculation of the Nusse l t  number  by the above method 
r equ i r e s  graphical differentiation of the prof i le  H obtained on the wall of 
the apparatus.  

6 
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FIGURE 5. Relative temperature distribution in cir
cular (a) and plane (b) channels. 

a-Re=3.104, f w = c o n s t ;  1-Pr'=O.Ol; 2 - f f = 1 ;  3-
PI' = 10 ;  (the continuous lines are based on data from the 
values / Z / ,  while the points are based on data from the 
integrator); b - 1- Re = 9370; 2 - Re = 17,100 
( the  continuous lines are experimental / 5 - I / .  while the 
points a re  based on data from the integrator). 

T h e  graphical differentiation over  the t r ansve r se  coordinate is not 
sufficiently accura te  due to the v e r y  rap id  change of H on the channel wall  
during turbulent flow. 

Hence, the Nusse l t  number was  calculated using the following 
equation 141 

where  v is the flow r a t e  ( p e r  second) of the liquid through the integrator .  
A compar ison  of the in tegra tor  data  f o r  the heat t r ans fe r  in  c i r cu la r  and 

plane channels with the available exper imenta l  15-71  and calculated 1 2 1  
data  is shown in  F i g u r e  5. 

F i g u r e  5,a shows the re la t ive  t empera tu re  6 prof i les  in  the c r o s s  sect ion 
of a c i r cu la r  channel, f o r  the c a s e  of a constant wall  t empera ture  a t  
R e  = 3. l o 4  and generalized P rand t l  numbers  (Pr*) of 0.01, 1, and 10: 

PrP P  = .__ 
P'turb 

1 1 1  



F i g u r e  5,b shows the relat ive t empera tu re  9 profiles in  the c r o s s  sect ion 
of a plane channel, f o r  two values of the Reynolds number (Re  = 17,100 and 
9370) and for a P rand t l  number  Pr = 0.72. 

T h e  solutions w e r e  found f o r  the following boundary conditions: 

-
x =  0, - I  <<y< 1, S(0. ;) = I .  

x> 0, ‘i=1, fJ(0, I ) =  fJw,,- 
x > o ,  y=-1, 8(0, - 1 )  =6,. 

T h e  f igu res  show that the calculated and experimental  r e s u l t s  (continuous 
lines) agree well  with the points obtained on the hydrodynamic integrator .  

The calculated heat  t r ans fe r  coefficient w a s  compared with the Mikheev 
equation and showed sat isfactory agreement .  T h i s  confirms that the 
hydrodynamic integrator  has  a future  f o r  the calculation of turbulent 
convective heat  t r ans fe r  under the inner  problem conditions. 
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I.S. Kochenov, L.I. Baranova, and 
V. V. Vas i l ' ev  

FLOW IN CHANNELS WITH PERMEABLE WALLS 

T h e  p r e s s u r e  change in a channel with permeable  wal l s  is descr ibed b y  
the motion equation, which can  be  wr i t ten  in  the following averaged f o r m  
( fo r  a constant c ross -sec t ion  channel in  which the velocity on the wall  is 
perpendicular to  the axis): 

where  

A s  i s  evident f rom the above equation, the p r e s s u r e  gradient depends 
not only on the influence of f r ic t ion on the flow (which is descr ibed by the 
second t e r m  in the right-hand s ide  of the equation) but also on a dynamic 
effect assoc ia ted  with pulse t r ans fe r  between the main and outflow s t r e a m s  
(which i s  descr ibed by the f i r s t  t e r m  in the right-hand s ide  and which 
becomes  predominant in  the case of large outflows). 

T h e  f i r s t  t e r m  in the right-hand s ide  of equation (1) contains a var iab le  
( o v e r  the length) averaging the velocity coefficient fi. It  can  be  calculated 
if the velocity profile i s  known. I t  h a s  been shown / 1 /  that fo r  quasi-
stabil ized sections,  the coefficient p m a y  b e  presented as  a function of any 
two local numbers  from the th ree  re la ted  dimensionless  numbers:  

W D
R e =  -, ReA= ~ 

V w  D , and K,= 5. 
V v .  W 

Such functions m a y  be  studied experimental ly  even without plotting the 
velocity profile, but in  that c a s e  i t  becomes  n e c e s s a r y  to m e a s u r e  ( in  
addition to  the p r e s s u r e  gradient and the flow ra te )  the tangential s t r e s s  
on the porous wall, which involves experimental  difficulties. Moreover ,  
in  engineering practice,  i t  i s  r a t h e r  inconvenient t o  m a k e  use  of two 
variable coefficients, each  of them a function of two local dimensionless  
numbers.  Fo r  these  reasons ,  we propose a new method f o r  the calculation 
of p r e s s u r e  changes in  channels with pe rmeab le  walls. 

Equation (1) is rewr i t ten  in  a dimensionless  f o r m  

dP- Eu 2 -= ISg Y, [ I + 0.5 d*] -e. 
dX d l n G  
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T h e  changes in  /Iare  re la t ive ly  small, espec ia l ly  in  s t r e a m s  with outflow 
through the wall. In  s t r e a m s  with small outflows and inflows, 
the coefficient of f r ic t ion 5 h a s  a value c lose  to that of the coefficient of 
f r ic t ion in  a channel with impermeable  walls ( s o ) .  

In  flows with a large absolute value of/(,, the coefficient of f r ic t ion 
contributes only s l ight ly  to the determination of the E u  number.  Hence, 
the a r b i t r a r y  E u l e r  number  E u , ,  calculated f r o m  the equation 

is equal a t  f i r s t  approximation to the t rue  E u l e r  number descr ibed by 
equation ( 2 ) .  

T h e  accu ra t e  equation h a s  the f o r m  

where  E is a var iab le  coefficient whose nature h a s  to b e  analyzed. 
B y  definition 

- E  

( 5)

~ 

A te rm-by- t e rm ana lys is  of equation (5) shows that E is a function of 
two local dimensionless  numbers ,  R e  and K l ( o r  R e ,  and K,,  or  R e  and 

-

Inflow Outflow 

FIGURE 1. Plot of E ?  as a function of 
ReL. 
1- Berman's solution for a plane 

aperture with smal l  outflow; 2 -

White's solution for a plane aperture 

with large outflow; 3 -Juan's 

solution for a plane aperture with 

large outflow; 4 -Juan and Finkel

stein's solution for a tube with small  

outflow; 5 -Juan and Finkelstein's 

solution for a tube with large outflow. 


Re,). T h e  value of E is close to  unity. 
T h e  above method was  used to  p rocess  

the theoretical  r e su l t s  of s e v e r a l  au thors  
who studied l amina r  1 2 - 5 1  and turbulent 

6- 7 1  flows in a c i r cu la r  tube with pe rmeab le  
walls; i t  was  found that E is a function of 
only one of the Reynolds n u m b e r s  - the 
Reynolds number fo r  the outflow (Re,) (see 
F i g u r e  1). 

T h i s  conclusion m u s t  be  accepted with 
some reserva t ion ,  s ince  all available 
solutions / 2- 71 have been obtained by 
assuming that the cu r ren t  function may b e  
presented as a product of two cofactors,  
one of which is a function of the longitudinal 
coordinate alone, while the o ther  is a 
functi.on so le ly  of the t r ansve r se  coordinate. 
The above assumption does not completely 
sa t i s fy  the given velocity distribution a t  the 
e n t r y  to  the section with the outflow. Hence, 
some of the theoretical  p a p e r s  (e. g. ,  1 2 1 )  
a s s u m e  a disruption of the velocity on the 
s t r e a m  axis a t  X = 0, while o ther  pape r s  

(e. g. , 1 5 - 7 1 )  assume an  unbalanced flow rate .  
In sp i te  of the disagreement  in  the available theoretical  data ,  the con

clusion reached on p rocess ing  them (namely, that the R e 1  number  should 



b e  one of the main  f ac to r s  determining the coefficient E )  is, in  our  opinion, 
quite convincing. Hence, the experimental  data should b e  p rocessed  in  the 
f o r m  

In o r d e r  t o  study the above function, we built an  experimental  se tup  
and c a r r i e d  out s o m e  p re l imina ry  experiments.  

FIGURE 2. Nature of the  pres- FIGURE 3 .  T h e  dimensionless number I *  as  a 

sure changes over the  channel function of K I  a t :  

length. 1- 1le.t. = 300;  2 - 400; 3 - 500; 4 - G O O ;  


1- experiment with outflow; 5 -700; 6 - 700 [sic]. 

2 -without outflow. 


T h e  working section consisted of a channel 0.013 m in d i ame te r  and 
0.1 m long. T h e  section w a s  constructed f r o m  270 d isks  (0.00025m thick), 
maintained 0.0001 m apa r t  by m e a n s  of spec ia l  space r s .  T h e  d isks  w e r e  
grouped in  sec t ions  ( 2 7  d i sks  in  each  section). 

T h e  outflows f r o m  each  section w e r e  isolated f rom one another,  and the 
outflow r a t e  was  controlled by control valves. T h e  total outflow r a t e  
through a l l  sec t ions  was  maintained constant ( u , "  = const . ) .  T h e y  w e r e  
determined by measuring the p r e s s u r e  d rops  with spec ia l  measuring tubes. 
I n  addition to the measurements  of the outflow r a t e s  a t  10 sections,  w e  
m e a s u r e d  the main flow r a t e  in front of and behind the working section. 

T h e  p r e s s u r e  d rop  between the sec t ions  was  m e a s u r e d  with the aid of a 
battery-actuated differential manometer ;  the p r e s s u r e  on the channel wal l s  
was  m e a s u r e d  with the aid of tubes 0.00125 X 0.0002m in  d iameter .  

T h e  m e a s u r e d  hydraulic curve in  an  experimental  channel without outflow 
(with closed control valves) w a s  positioned higher (by  8 % )  than the Blas ius  
curve. 

The experiments  w e r e  c a r r i e d  out with flow r a t e s  corresponding t o  
Reynolds numbers  between 15,000 and 50,000, using wa te r  as the  working 
fluid. 

The range of outflow coefficients w a s  8 .  4UA< 8. Such 
outflows should b e  r ega rded  as large. T h e  na tu re  of the p r e s s u r e  changes 
along the channel is shown in  F i g u r e  2. A s  is evident. f r o m  the figure,  in  
the p resence  of outflow, the p r e s s u r e  i n c r e a s e s  along the channel, and 
the calculations show that despite the higher values of the coefficient of 
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f r ic t ion in s t r e a m s  with outflow, the re  w a s  in many  cases ( a t  high K,) a n  
i n c r e a s e  not only in  the s t a t i c  p r e s s u r e  but a l s o  in  the total kinetic energy 
of the liquid ove r  the length. To the bes t  of o u r  knowledge, this is an 
unprecedented experimental  observation. 

0 - l  0 - 4  
0-2 e - 5  
0-3 e - 6  

FIGURE 4. A plot of as a function of Re,when K A w a s  changed wirhin the 
ranges: 

1- from 0.008 to 0.015; 2 - from 0.015 to 0.025; 3 - from 0 .025  I O  0 .035;  
4 - from 0 .035  to 0.045; 5 - from 0.045 - 0 .060;  6 - from 0. 070 to 0.080. 

T h e r e  w e r e  about 300 experiments  on flow with outflow in all.  T h e  
r e s u l t s  of their  p re l imina ry  processing are shown in F i g u r e s  3 and 4. 

T h e  data in F i g u r e  4 show that in  the range studied, the value of E Z  

r anges  f r o m  0.7 to 1. I t  i n c r e a s e s  with increasing KAandd e c r e a s e s  
somewhat with increasing ReL. 
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M. E. Podol 'skii  

THE ATTRACTIVE ACTION O F  A 
NONISOTHERMAL LUBRICATING LAYER 

A s  a r e su l t  of the t empera tu re  dependence of the viscosity of lubricating 
oils, a close relationship ex i s t s  between the heat t r ans fe r  and the hydro
dynamic p rocesses  in  the lubrication l aye r  of a s leeve  bearing. T h e s e  
problems have been discussed in many  papers ,  which may be  divided into 
two groups. In the pape r s  of the f i r s t  group, i t  i s  assumed that no heat is 
exchanged between the layer  and the surrounding par t ,  and that m o s t  of 
the inc rease  in  t empera tu re  takes place along the layer. T h e  pape r s  in  
the second group a r e  based on the assumption that the convective heat 
t r ans fe r  with the moving lubricant is not important,  and i t  is assumed that 
the t empera tu re  i s  constant along and var iab le  a c r o s s  the layer .  At the 
same time, the simultaneous change in the t empera tu re  (and, hence, in  the 
viscosity) over  both the length and the thickness of the l aye r  i s  connected 
with s o m e  new qualitative phenomena, which w e r e  not observed when 
the longitudinal and t r ansve r se  t empera tu re  grad ien ts  w e r e  t rea ted  
separately.  T h e  f i r s t  to r epor t  this  phenomenon was  a9parently Zienkiewicz 
/ 11, who m a d e  r a t h e r  complicated calculations to prove that with adequately 
se lec ted  boundary conditions ( fo r  the tempera ture) ,  hydrodynamic f o r c e s  
may b e  c rea ted  even in the c a s e  of para l le l  f r ic t iona l  sur faces .  Cameron  
1 2 1  reached s i m i l a r  conclusions by assuming that the viscosity i s  a known 
l inear  function of the longitudinal and t r a n s v e r s e  coordinates. According 
to  Zienkiewicz and Cameron,  the force  c rea t ed  in a lubrication l aye r  of 
constant thickness pushes away the fr ic t ion sur faces .  

In this  paper,  we sha l l  p resent  (mainly fo r  the case of an axial  s leeve  
bearing) an approximate solution of the hydrodynamic equation and the 
ene rgy  balance, taking into account the viscosity changes over the length 
and the thickness of the layer .  T h e  boundary conditions ( fo r  the tempera
ture)  w e r e  se lec ted  on the b a s i s  of an ana lys i s  of the heat distribution 
within a shaft. A m o r e  detailed study w a s  m a d e  of the flow of a lubricant 
between para l le l  f r ic t ion surfaces.  T h e  derived equations show that 
because of the t empera tu re  dependence of the viscosity,  the f r ic t ion 
su r faces  are a t t rac ted  to  each  other. 

1) The plane-parallel  flow of the lubricant is descr ibed b y  the following 
sys t em of equations: 
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T h e r m a l  balance equations mus t  be  added to  the equations in one of two 
forms:  

o r  

-a (UT)+-a (UT)= )i bT + 

ax dY PC ayl 

and by an equation expressing the viscosi ty  as a function of tempera ture  

11=P (T). ( 3) 

The  boundary conditions f o r  the velocity and p r e s s u r e  m a y  be taken in 
the following f o r m s  ( h  being the thickness of the lubricant layer): 

By introducing the var iab les  

the sys t em of equations (1) and (2a) is t ransformed into 

where 

The  boundary conditions (4) and the var iab les  (5) are wri t ten as follows: 

a t  q=O u = U ,  q = O *  

a t  & = O  p=O. a t  g = a  p = O  J 



Let  us  analyze the function (3). Many equations f o r  this function have 
been proposed to date. Below we shal l  use the mos t  convenient hyperbolic 
function f o r  our subsequent analysis ( the f i r s t  two t e r m s  in the s e r i e s  of 
the Bachinskii  equation / 3/). 

p.=6, r = d + T ,  (10) 

where b and d are constants depending on the brand of oil. 
Since, as follows f r o m  (2)  the the rma l  balance equation does not change 

i t s  f o r m  when a constant component i s  added, equation (7)  may be writ ten 
(taking into account (10)) as follows 

We shal l  solve the derived equations by the method of integral  relations.  
Under the conditions of the problem discussed here ,  the method of integral  
re la t ions should be applied with g rea t e s t  advantage to the sys t em of 
equations (6) and ( l l ) ,  since the velocity profile,  f o r  instance,  m a y  be 
descr ibed m o r e  s imply in t e r m s  of the var iables  f and 9 than in t e r m s  of 
the va r i ab le s  x and y. By integrating equations (6)  and (11) (taking into 
account the boundary conditions (9)) and by adding to them the integral  
condition for  the relationship between y and 9. we obtain the system of 
integral  re la t ions in the following form: 

* 

2) We shal l  now examine the temperature  conditions on the boundaries 
of the lubricant layer .  On the pad surface,  the nature  of the temperature  
changes is determined by the heat t ransfer  coefficient f rom the pad to the 
lubricant in contact with i t ,  and i t  depends to a g rea t  extent on the design 
of the bearing. I t  i s  assumed below that the pads are thermally insulated, i. e . ,  

o r  

T h e  motion of the bear ing surface with r e s p e c t  to the layer  is, apparently, 
the m o s t  important  feature  of the boundary conditions on the s ide of the 
col lar .  Heat f luxes of var ious densit ies pas s  through a unit area of the 
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col lar  (depending on i t s  position with r e spec t  to the layer)  as a resu l t  of 
the above motion. Naturally,  i t  m a y  be assumed that as the speed of the 
motion inc reases ,  these heat flux densit ies approach an average value, and 
the col lar  t empera tu re  becomes constant in the direction of rotation, i. e.,  
in the direction of motion of the bear ing s u r f a c e ,  according to the 
scheme of the two-dimensional problem. In  o r d e r  to determine the validity 
and the r ange  of application of the above assumption, we sha l l  analyze the 
propagation of heat in the col lar  by simulating the col lar  (in the case of a 
two-dimensional body) by a bear ing plate subjected to forward motion (see 
figure).  

Propagation of heat in a moving collar. 

T h e  equation for  the propagation of heat in the bear ing plate is (in a 
system of coordinates rigidly bound to the plate) 

where us is the heat  diffusivity coefficient of the m a t e r i a l  of the collar.  
In a fixed [non-moving] sys t em of coordinates,  x .  y, (14) a s s u m e s  the form 

at +").aY2 

In view of the s ta t ionary nature of the boundary condition in a fixed 
sys t em of coordinates,  i t  is only necessa ry  to work out s ta t ionary solutions 
of equation (14a).  Moreover ,  by using the method of dimensionless 
analysis ,  i t  is found that since a:/UL < 1'" the t e r m  a:d2T/dx2 is sma l l  in 
comparison with UdT/dx. Thus, equation (14a) may  be replaced by a 
s imple r  equation 

Let u s  find a solution of equation (14b) f o r  a c a s e  in which the heat flux 
density a t  one boundary of the plate changes in accordance with the 
sinusoidal law, while no heat t r a n s f e r  takes place between the second 
boundary and the surroundings.  T h e  boundary conditions corresponding to 
such a c a s e  would be 

* In the caseof steel a:= 1.4.10-6 m2/sec. Assuming U=50m/sec and  L = 6 .  JO-z m. rue obrain 

Q:/UL= 4.66. I0-S.  
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where  1 is the thickness of the plate. 
By looking f o r  a solution in  the f o r m  

T =T,+ /mf (+)exp (yi j , 
and satisfying the conditions set up in  (15), w e  obtain 

From here ,  f o r  the boundary y = 0, we obtain 

T h e  following approximation i s  valid a t  s m a l l  f~7:c: 

Using (17) ,  i t  is possible to evaluate the t empera tu re  fluctuations on the 
co l la r  boundary f rom known values of qm and T o .  T h e  va lues  of the l a s t  two 
p a r a m e t e r s  depend on the heat evolution r a t e  and the conditions of heat 
t r ans fe r  f r o m  the layer  to  the collar. 

Le t  us  analyze the problem of the t empera tu re  f ie ld  in a lubricant layer 
between two para l le l  f r ic t ion su r faces  ( h = H =  const. ); the su r face  
t empera tu re  of the bear ing i s  assumed to  b e  constant. For  simplicity,  
and bear ing in mind the approximate na tu re  of the solutions to  b e  reached, 
i t  i s  assumed a l s o  that the viscosity of the lubricant is independent of the 
temperature .  Under such conditions, the of the sys t em of 
equations (1) and (2)  with the boundary conditions (4) and (13) can  be  wr i t ten  
in  the following form:  

T = T o + - 	l lLp [ I  - C e x p ( - s ) ] x [ I  - ( 1  - (18)21A 

For instance, a t  I / =  SO m/sec. L 6 .  le2m ,  1 = 3. m ,  and a: = I .4.IO-S mz/sec, we obtain 
6 = 3 . 4 4 .  IO-'.

'* The problem was solved by the rnethod of integral relations. and the temperature profile selected was 
in the form of a quadratic parabola. If the law governing the temperature changes over the layer 
thickness is approximately described by a polynomial of the fourth degree, the change in the final 
results is negl ig ib le (e .g . ,  in equation (19), the numerical value in the term for the exponent would be 
15/2 instead of 8). 
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Correspondingly,  the average t empera tu re  (over  the l aye r  thickness) is 
descr ibed by 

T, = To+l.!E [ I -c ex p (- - 3 1  . 
31 X 

T h e  constants in (18) ( the bear ing su r face  temperature  To and the 
constant C) m a y  be determined on the b a s i s  of the following considerations.  

T h e  f i r s t  condition follows from the equality of the heat f luxes enter ing 
and leaving the col lar .  Assuming, for  simplicity,  that the total  amount of 
heat  withdrawn f rom the col lar  is zero,  we obtain f rom (18) 

c=- k , &=-. ax x 
1 -e-* p cUH1 

T h e  second condition followed f r o m  the examination of the average 
lubricant temperature  a t  the inlet  to the clearance,  and is determined by 
the conditions of mixing of the hot g r e a s e  leaving the clearance 
with the cold g r e a s e  flowing in the channel between the greasing pads. T h e  
amount of cold g r e a s e  in the total  s t r e a m  a t  the entrance to the clearance 
mus t  be equal to the amount of s ide leakage / 4 /  (which always occur s  in 
actual bear ings because of the finite dimensions of the greasing pads). 
Using r to denote i t s  f ract ion in the s t r e a m  a t  the inlet, we obtain the 
following expression for  the average temperature  a t  the inlet  

where Ti is the temperature  of the cold g r e a s e  entering the channel between 
the pads. By determining the average temperature  a t  the inlet using (19) 
and (20), and expanding e-* into a series*, we obtain the following 
approximate equation: 

I 2 - r p U lTo = T'+ ---&. 
6 r IX 

T h e  o r d e r  of magnitude of qm m a y  be evaluated by equating the 
differences between the maximum and minimum values of the heat flux 
densi t ies  through the bear ing surface,  obtained by using (15) and (18). 
F r o m  there ,  we obtain the following expression (subtract ing (21)  f r o m  (17)): 

A t  A/pc=0.705.10-1 m2/sec ,  U = 5 0 m / s e c ,  a = 4 . 1 0 - * m m ,H==S. lO-)m,  and 1-0.18. 
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In  addition to  the above pa rame te r s ,  we shal l  assume that 
h = 12.6. lO-'w/m.deg and A, = 5.04. 10 w/m.deg. According to Yanovskii 
1 5 1 ,  the value of r ranges  f r o m  0.2 to  0.26. Assuming r =  0.26, and 
substi tuting the numer ica l  values, we  obtain 

IT-ToI < 3 0.26 3.10-' 12.6.10-* max XTO v y  1.74 5.10-' 5.04.10 

Thus ,  our  calculations show that the tempera ture  of the lubricant  layer 
a t  the boundary with the bear ing  su r face  is, indeed, near ly  constant. 
Therefore ,  the boundary condition on the s ide  of the bear ing  collar a s s u m e s  
the f o r m  

a t  y = 0 T = T o  (T,=const) 

or  

a t  9 = 0 T = To (T = T~). ( 2 2 4  

3) In o rde r  to solve the sys t em (12) with the boundary conditions (9), 
(13a), and (22a), we  sha l l  a s s u m e  that 

=u ( 1 - 'Ir - ' P ( ' I ,  --'I:)), 

P=PoII - -11 , (2 . r l1 -?31 ,  

-I 
' I t=-. h 

Taking (10) into account, and introducing the notation 

e=&, q=- 2q1 
h UH ' 

E=aC. h = H b ( E ) .  

we obtain, a f te r  substi tuting (23) and (24) in (12), 
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A m o r e  detailed ana lys i s  of the flow of g rease  between the para l le l  
f r ic t ion su r faces  (6  = 1, h =H)yields  the following. 

The  elimination of 9 f r o m  (28) and (30) gives  

A s  follows f rom (26), (9), and (IO), the symbol  8 stands f o r  the r a t io  
of the average tempera ture  (over  the layer  thickness) f m  to the bear ing  
sur face  tempera ture  T ~ .  We sha l l  a s sume  below that the r a t io  is s m a l l e r  
than three: 

In this  case,  the following expression would be valid with an accuracy  
of 1 0  70: 

It is now possible  to a r r i v e  a t  some  conclusions concerning the nature  
of the p r e s s u r e  changes within the layer .  Since the average l aye r  
tempera ture ,  and hence e), i nc rease  with increas ing  <, the boundary 
condition (9) fo r  the p r e s s u r e  m a y  be sat isf ied only if (p(<=O)<O ( s e e  (27) 
and (33)). However, it follows f rom (27) that in such a case  the p r e s s u r e  
p is negative. In other  words,  the nonisothermal  flow of g rease  in a 
c learance  of constant thickness causes ,  under the above conditions, the 
creat ion of fo rces  that a t t r ac t  the fr ic t ion surfaces. 

In o rde r  to obtain quantitative resu l t s ,  i t  is necessa ry  to  integrate  
equations (27) to  (30). The  solution m a y  be wri t ten as quadratures ,  but 
this  is ve ry  cumbersome.  Considerable  simplification m a y  be achieved 
by assuming that the value of cp is small. 

In pract ice ,  i t  is sufficient to a s sume  that 

I 'P Ic0.3. (34) 

Then, by using (33), i t  is possible  to t ransform equations (27) and (29) to: 

where 
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When condition (9)  is satisfied,  w e  obtain 

Fl(z)= 0.52' - 2, F&) = z -1nz. 

A relationship between z2 and z1 is established by integration of (36 ) ,  

Ip (I?)-Y ( z , )  = kl XI, Y (z)  = 0 . 5 ~ ~-22 + In z. (39) 

T h e  overal l  hydrodynamic reaction of the l aye r  is determined by the 
equation 

When L is s m a l l  ( \ X I  ~ 0 . 0 5- 0.10), equations (39 )  and (40 )  become much 
s impler .  The  following equations a r e  valid in such a case: 

4) Let u s  work out an example. By taking the values of U,A, p, c. H,and 
a the s a m e  a s  above ( s e e  pages 120-123) ,  assuming that z1 = 3 .30  and 
z2 = 4 . 4 2 ,  and using equations (37 )  and ( 3 9 ) ,  we obtain 

klxs=2.38, x=2.6 ( k ,  = 0 . 7 s  = 0.135), el=0.885. e,= 1.320. 

It  follows f rom he re  ( s e e  ( I O ) )  that in the c a s e  of brand-T turbine oil, 
fo r  example ( 6  2 0.05 kg-sec-deg/m2,  d= 312°K / 6 / ) ,  the accepted values 
of z1 and z1 correspond to the following bear ing su r face  temperature  and 
ave rage  t empera tu res  of the g r e a s e  a t  the inlet  and outlet of the clearance: 

To 342"K. 7'1 = 338.5' K,  TI= 351.6" K. 

Once the values of z1 and z, are known, we obtain, by using equation ( 3 8 ) ,  
Q = 3 .869 ,  and by using equation (40), Q, = 0.0474. F r o m  (33)  and ( 3 7 ) ,  i t  
follows a l s o  that conditions (32)  and (34)  a r e  sat isf ied (max 8 = 1 . 3 2 ,  max 
'p = 0.165). 

A s  is well  known, the magnitude of the hydrodynamic react ion during 
i so the rma l  plane-parallel flow of a lubricant in  a wedge- shaped clearance 
m a y  be determined using equation (40), where H is the minimum thickness 
of the l aye r  and the maximum value of @ is 0 . 1 6 .  Thus,  a t  l eas t  under the 
conditions of the p re sen t  example, the at t ract ion fo rce  c rea t ed  in the l aye r  
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between para l le l  f r ic t ion sur faces  is of the s a m e  o r d e r  of magnitude as the 
supporting f o r c e  in the Kingsbury thrust  bearing. T h e  following reserva t ion  
mus t  be  made  here .  Since a liquid has  no tensi le  s t rength,  no at t ract ion 
fo rces  are crea ted  as a rule ,  s ince  disruption of the layer by  cavitation 

' occurs  when the p r e s s u r e s  drop  below a cer ta in  limiting value. At the 
same t ime,  cavitation cannot take place i f  the g r e a s e  p r e s s u r e  outside the 
layer is high enough, in  which case  an at t ract ive fo rce  m a y  exist. Similar 
behavior is observed in  s leeve  bear ings  that opera te  under high p r e s s u r e s  
in  the lubricat ing layer .  

In  the above case ,  the appearance of a t t ract ion causes  a drop  in the load
ing capacity of the bearing. This  i s  especial ly  t rue  in  the c a s e  of ax ia l  s leeve  
bear ings  with self-adjusting pads. T h e  rocking suppor ts  of such  pads are 
shifted ( t o  a cer ta in  optimum distance) f rom the middle to  the s ide  of the 
outlet edge. At the s a m e  t ime,  the above solution shows that the resu l tan t  
of the a t t rac t ive  f o r c e s  is shifted f rom the middle to the s ide  of the inlet  
edge, and in this  way c rea t e s  a momentum that tu rns  the pad in a direct ion 
reducing sha rpness  of the g r e a s e  wedge, thus reducing the hydrodynamic 
react ion.  
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V. N. Zmeikov and B. P. Ustimenko 

HYDRODYNAMICS AND HEAT TRANSFER 
IN A CONVOLUTED STREAM BETWEEN 
TWO COAXIAL CYLINDERS 

Studies of the heat t r ans fe r  and hydrodynamics in  the annular channel 
between two rotating cy l inders  have been the subject of many  pape r s  / 1, 
5-9, 11, 131. In  these  papers ,  the m a i n  attention was  devoted to the 
overa l l  cha rac t e r i s t i c s  of the heat t r ans fe r  and res i s tance ,  while 
insufficient attention was  paid to  the detailed s t ruc tu re  of the flow: i t s  
velocity and t empera tu re  prof i les ,  and espec ia l ly  the pulse charac te r i s t ics .  
At the same t ime,  an  understanding of the l a t t e r  i s  absolutely essent ia l  for  
the elucidation of the physical mechanism of the p rocess  and fo r  the 
derivation of efficient heat t r ans fe r  and r e s i s t ance  calculation methods. 

In this  paper,  we present  the r e su l t s  of an  investigation of the hytlro
dynamics and heat t r ans fe r  in an annular channel with a rotating inner 
cylinder, together with detailed experimental  data on the velocity and 
t empera tu re  distribution and the pulse cha rac t e r i s t i c s  of the flow; we 
propose a method f o r  the calculation of the heat t r ans fe r  based on the use  
of the hydrodynamic theory of heat t r ans fe r  and new equations descr ib ing  
the velocity prof i les  and the r e s i s t ance  coefficients. 

T h e  investigations w e r e  conducted on a setup consisting of two coaxial  
and well balanced meta l l ic  cylinders;  the inner  cylinder was  rotated b y  
a d-c motor .  T h e  angular velocity was continuously regulated by a 
rheos ta t  up to 283  r a d / s e c  and was  controlled with the aid of a tachometer,  
havinganaccuracyof* 1 rad /  sec .  T h e  polished cylinder su r faces  fo rmed  
a n  annular channel, whose length and height w e r e  0.4 and 0.0049 m ,  
respectively; the inner  cylinder d i ame te r  was  0 .212  m .  

In o r d e r  to  study the the rma l  problem, an  e lec t r ic  hea te r  providing a 
constant heat flux on the cylinder surface was  placed within the inner 
cylinder. T h e  outer  cylinder was enclosed by a wa te r  jacket,  with wa te r  
f r o m  a thermostat  flowing through the jacket .  T h i s  provided a constant 
wall  temperature ,  which w a s  maintained with the aid of four nichrome
constantan thermocouples embedded in  the wall. Mixing chambers ,  with 
differential thermocouple junctions (used  to  m e a s u r e  the inc rease  in  the 
t empera tu re  of the cooling water) fitted t o  them, w e r e  mounted a t  the inlet 
and outlet of the cooling jacket. T h e  wa te r  flow r a t e  was m e a s u r e d  a t  fixed 
t ime  in te rva ls  with a volumetr ic  f lowmeter  ( the  accu racy  of measurement  
was  1.5%). 

T h e  packing used in  the measurement  w a s  introduced into the channel 
through 5 spec ia l  holes; microinstruments ,  b y  m e a n s  of which the 
coordinates could b e  fixed with an  accu racy  of 0.01. m, w e r e  fitted to  
the holes. Holes  with a d i ame te r  of 0.45- m w e r e  made  in  the channel 
wa l l s  in  o r d e r  to  m e a s u r e  the s t a t i c  p re s su re .  
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FIGURE 1. The  distribution of 	 2,t--1,, and po in an annular 
u1 t1--tz 

channel a t  m = 283, 230, and 178 rad/sec. Calculated results (con
tinuous lines: I - according to  equations (3) - (6): 11 - according to  
equations (13) - (15): 111, IV. V - by the method proposed in /1/ (the 
experimental  points are based on measurements with a static packing). 
Experiments: 1,4- m = 283: 2 , 5  - w = 230; 3,6- UI = 178. 

The  total p r e s s u r e  was  measu red  with the aid of Pi tot  tubes. In the 
region of the boundary l aye r  (adjacent  to the walls), the tube readings were  
markedly  affected by their  d i ame te r s  as a resu l t  of the differences between 
the flow conditions in their  vicinity. In o rde r  to exclude the influence of 
the dimensions of the packing, the total p re s su re  profile nea r  the cyl inder  
wal ls  was  determined by means  of th ree  geometr ical ly  s imi l a r  tubes (with 
d iameters  of 0.23. 0.36. and 0.53. 10-3m,  and an inner- to-outer  
d iameter  r a t io  of 0.6), followed by extrapolation to a tube of z e r o  diameter .  

The  s ta t ic  p r e s s u r e  in the channel c r o s s  section was  measu red  with the 
aid of the s ta t ic  packing, having a shape corresponding to  the cur ren t  flow 
lines. On the other  hand, i t  was  a l so  calculated by the method of 111 ,  f o r  
a known s ta t ic  p r e s s u r e  on the nonrotating cylinder wall. The  data  obtained 
by these two methods are compared in F igu re  1 and show good agreement .  

The  tangential f r ic t ional  s t r e s s  on the channel walls was  determined by 
the method of 1 2 1 ,  which was general ized to  cover  curved flow and was  
developed for  the c a s e s  of s t ra ight  flows in aerodynamic tubes, on smooth 
plate sur faces ,  etc. The  tangential f r ic t ional  s t r e s s  was a l so  measu red  
with the aid of the ETAM-SA electrothermoanemometer. The  data  obtained 
by these methods w e r e  in sa t i s fac tory  agreement ,  the deviations not 
exceeding 10  70 (see F igure  2). 

The  ETAM- 3A thermoanemometer  was used to  de te rmine  the intensi ty  
of pulsations in the velocity vector  component, the tempera ture ,  and the 
correlat ion during var ious flow conditions. The  pulsations of the velocity 
vector  component were  isolated by the method developed for  a heated 
turbulent s t ream.  T h e  tempera ture  prof i les  in the channel c r o s s  sect ions 
were  measured  with spec ia l  t empera ture  probes (nichrome- constantan 
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thermocouples made  of w i re s  with a d iameter  of 0.1. 10-3m) placed in a 
conventional injection needle with a d iameter  of 0.9- m. All  the thermo
couples were  connected to a P P T N - 1  potentiometer with the M-25/7 m i r r o r  
galvanometer se rv ing  as the z e r o  instrument.  

0 3Q W r-6,mm 

FlGURE 2. Distribution of the frictional stress T in a n  
annular channel a t  I I  = 283. 230. 178, and 105 rad/sec. 
The continuous curves were obtained with Pirot tubes. 
while the experimental  points were obtained by measure
ments with a thermoanemomerer. 

T h e  total heat flux reaching the nonrotating cylinder (the heat was removed 
by the cooling wa te r )  consisted of a convection component f rom the 
rotat ing air s t r e a m ,  of radiat ion t r ans fe r  f r o m  the heated inner  cylinder 
(up  to 3 %  of the total), of the heat t r ans fe r r ed  by  conduction through the 
ends (up  to 5 7 ’ 0 ) ~and finally, of natural  convection f r o m  the surrounding 
medium to  the wal l s  of the cooling jacket  (up to 2 % ) .  

An evaluation of the e r r o r s  made  in  the measu remen t  of the velocity 
profile, the s ta t ic  p re s su re ,  and the tempera ture  shows that they did not 
exceed 2 %  in the main  flow region. T h e  e r r o r  in  the determination of the 
velocity and tempera ture  pulsations did not exceed 20%, and that in  the 
Nusse l t  number did not exceed 10%. 

Hydrodynamics of a s t r e a m  flowing 
within an annular channel with a 
rotat ing inner  cylinder 

Data  on the experimental  flow conditions are shown in Tab le  1 .  

In  the table below, w and u, are the angular and l inear  rotation 


veloci t ies  of the inner  cylinder, R e  = ul ( rzv- f l )  is the Reynolds number,  
w ( + ) + ( r 2 - r l )  -

Ta= the Tay lo r  number,  T~ is the tangential f r ic t ional  
s t r e s s  on the s ta t ionary  wall, and r,  and rt are the cylinder radii. 
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TABLE 1. 	 conditions_ - 

rad /sec n/m2 m/sec n/m2 
~- -.. 

52.4 17,000 12,850 - - 2.16 

73.3 32,800 18,000 3.44 0.116 3.92 
104.7 11.10 34,000 25,600 8.43 0.274 7.85 

125.7 13.32 40,800 30,800 11.20 0.316 11.30 
157.0 16.65 51,000 38,500 16.50 0.384 18.15 
178.0 18.86 57,100 43,600 20.20 0.425 23.05 
209.5 22.20 68,000 51,300 26.70 0.489 31.40 
230.5 24.40 14,100 56.500 31.40 0.530 38.25 

262.0 21.15 85,000 64,200 39.30 0.539 48.10 
283.0 91,800 69,300 - -__ 

1. Re Tn 5w*.10'. U.I. Po. 

45.20 0.636 56.80 

The  dimensionless  velocity profile is shown in F igu re  1 ( in  the 

coordinates  2 = f('2))r e f e r r e d  to  the rotation velocity of the inner  
uI rz-rl 

cylinder in the channel c r o s s  section, as a function of the re la t ive  dis tance 
f r o m  the walls. As  is evident f rom the f igure,  the experimental  points fo r  
different  flow conditions lie on the s a m e  curve (with a sma l l  dispers ion)  
indicating the s imi l a r i t y  of the flow in the studied range of w (w>180 
rad] sec). 

F o r  a l a rge  fract ion of the s t r e a m  (about 8 5 % ) ,  the angular  momentum 
ur is constant, which cor responds  to the law of potential rotation of the 
liquid. A sha rp  change in ut occur s  only in the vicinity of the channel walls. 
The  distribution of the dimensionless  angular momentum is represented  by 
a single genera l  curve  f o r  different values  of w in the turbulent flow range  
(i. e . ,  a t  w> 180 r ad / sec ) .  

The  flow conditions in the vicinity of the inner  and outer  cyl inders  are 
determined by  the physical p roper t ies  of the liquid (densi ty  and kinematic 
viscosi ty  coefficient), the tangential f r ic t ional  s t r e s s  on the walls, the 
sur face  curva ture  rad ius  R ,  and the distance f rom the wal l  y. 

Dimensional analysis  shows that the following equation should be fully 
sat isf ied in the above case  

where  

The  effect of the dimensionless  number y / R  in the thin l aye r s  
immediately in contact with the cylinder wal ls  m a y  be neglected because 
of i t s  sma l l  value, and the equation then a s s u m e s  the conventional fo rm 
for flow in channels and over  plane plates: 

The  dimensionless  velocity 'p f o r  the flow studied here  is shown in 
F igu re  3 as a function of q .  In the case  of the boundary layer  on the inner  

U 1 - Krotat ing cylinder, the value of 'p s tands  for  the excess  velocity -and, 
u.1 
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u2 - u
correspondingly, 9, =%; on the outer  cylinder wal l  it s tands  fo r  -- and, 

V u-2 

correspondingly, q2= 
Y 

A s  is evident f r o m  the f igure,  the whole flow range is descr ibed b y  a 
single genera l  curve,  which i s  independent of the rotation veiocity of the 
inne r  cylinder ( a t  least in  the case of w> 180 r ad /  sec). T h e  experimental  
points fo r  the flows on the outer  and inne r  cy l inders  and f o r  different 
rotation velocit ies lie on the same cu rve  (with small dispersion).  

FIGURE 3. General dimensionless velocity profile, 9 .  

I - calculated on  rhe basis of the three-layer concept of Karman /4/; 11 -
by the Spalding equation / S / ;  111 - by e q u a t ~ o n(7); IV and V - by equations 
( 3 )  - ( 6 ) ;  1.3.5 - experimental  points on the rotating cylLnder; 2.4 .6  -
experimental  points on the stationary cylinder.  

For  the sake  of comparison we have shown in F i g u r e  3 a l s o  the calculated 
velocity profiles corresponding to  the well-known Karman  concept / 3/  
( cu rve  1) and the Spalding equation / 4 /  ( cu rve  2) ,  which are  valid fo r  
boundary-layer flow on the su r faces  of f la t  plates and channels. U p  to 
q =  50 the experimental  points a r e  in  good ag reemen t  with our  curves,  
confirming the validity of the concepts developed in  this  paper. 

In this way, the turbulent boundary layer  fo rmed  during flow adjacent 
to cylinder wal l s  m a y  be  divided roughly into th ree  reg ions  (as in  the c a s e  
of flow adjacent to a smooth f la t  su r f ace  / 31) .  

1) T h e  l amina r  sublayer  region ( 0 ~ ~ 4 5), where  the velocity profile is 
descr ibed b y  the l inear  equation valid f o r  the flows on the inne r  and ou te r  
cylinders: 

u, - L l  
( P 1 = y - -?I a t  0 4 7 4 5 ,  

(3)  
'Pz=--	 Ll - %  a t  O G T ~ S ~ .  

u.2 
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2) The  t ransi t ion layer  (5  < q Q 5 0 ) ,  where  the velocity profile is 
descr ibed by a logari thmic equation: 

'pl = -
1 

In?, +A -5 (1+ In:) a t  5 ,<ql <50, 

1 
'pz= - l n r h + A = 5 ( l + l n $ )  a t  5<qz<50. 

A s  in the case of flow adjacent to a plane plate, we have h e r e  A = 

= - 3.05 and x = 0.2. 
3) The  turbulent region (q> 50), where the velocity profile sa t i s f ies  the 

potential rotation law 

1 
ur = const =: -ulrl. 

2 

In the above case the velocity prof i les  for  the regions on the inner  and 
outer  wal ls  are descr ibed by 

Above, we have introduced some  new symbols: 

It is not difficult to t ransform equation (5) ( for  the velocity profile in 
the cen t r a l  flow zone) to a limiting fo rm (asymptotic velocity distribution 

law*' f o r  l a rge  values of the convolution Reynolds number Recon= ~ 

u:2lrl" 1  
for narrow annular  channels (rJrl -). 1). The  experimental  data  collected by us, 
as well as the data  of other  invest igators  / 51, show that equation (5) a g r e e s  
well with experimental  r e su l t s  even a t  much g r e a t e r  channel heights. 

To this end, in  the case of thin layers on the cylinder walls (y << rl and r d .  equation (4) is written in 
terms of the angular momentum (ur). By deriving an  expression for ur/u,r, and passing to  limits a t  
Re con-m(.we obtain equation (5). 
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Thus, under developed turbulent-flow conditions (which are charac te r ized  
by a s imi la r i ty  of the velocity profile, and, as sha l l  be shown below, of 
the tempera ture  profile and the re la t ive  quadratic pulsation of the velocity 
component), the velocity profile in the channel c r o s s  sect ion is descr ibed  
by  equations (3 )  to  (6) .  

Curve  I in F i g u r e  1 and curves  IV and V in F i g u r e  3,  which w e r e  plotted 
on the bas i s  of equations (3 )  to (6), a r e  in  good agreement  with the measu red  
resu l t s .  In the range  of n discussed  he re ,  equation (6 )  is approximated with 
adequate accuracy  by the following logarithmic functions: 

ql= 1.2 lnql + 10.3, 
ql= 1 . 2 1 n ~ , +  10.3. 

B y  equating the second equations f rom (4)  and (7)  a t  their  common value 
of (9= 50), and determining the res i s tance  coefficients on the inner  and 
outer  channel walls by  the equations 

2 2 
f i  = -?,I pu;P u: and f2  = -Tar * 

where  

we derive an asymptotic equation f o r  the r e s i s t ance  coefficient 

=0.0303-t50/101. (8) 

A comparison of the experimental  r e su l t s  with r e su l t s  calculated using 
(8) shows that the agreement  between them is quite good, and i t  becomes  
be t te r  as Reconinc reases  (see Tab le  2). 

TABLE 2. Comparison of experimental and calculated results 

I,. IO' 
~ 

# x x # m n- n - m 
U I o m  - 0 %  

I 

J ' C  ' c  B--. Recon q.. 
.d m oW B 

4 .d .o, .d 

I 2 s  -2 s  ti2 al d
X X 

U a J  m9 "Ju u uu 

- - 52.4 36.700 20.48 24.75 
- - 73.3 51.400 19.56 23.65 

104.7 2,650 73,500 26.0 19.20 22.65 5.7 
125.7 3,060 88,000 24.1 19.06 21.95 5.3 
157.0 3.720 110,000 22.7 18.92 21.40 5 .O 4.14 4.68 
178.0 4,120 125,000 21.6 18.85 21.05 4.7 4.12 4.60 
209.5 4.740 147.000 20.7 18.78 20.70 4.5 4.11 4.53 
230.5 5,130 162,000 20.1 18.74 20.35 4.4 4.10 4.46 
262.0 5.740 184,000 19.6 18.69 20.00 4.2 4.09 4.34 
283.0 6,160 199,000 19.2 18.67 19.85 4.2 4.09 4.34 

~ 
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For  the range of n discussed he re ,  the best  agreement  with the 
experimental  data is obtained by using the equation for  the r e s i s t ance  
coefficient derived by equating equations (6 )  and (7) at  the value (rl + r 2 )  2: 

Heat t r ans fe r  in a s t r e a m  flowing in 
an annular channel with rotating inner  
cylinder 

T h e  the rma l  measu remen t s  were  made  under the flow conditions 
descr ibed in Table  1. T h e  specific convective heat flux from the outer  to 
the inner  cylinder, determined on the bas i s  of the mean logarithmic su r face  
of the cyl inders ,  ranged f rom 678 to 982 w/m2.  hr ,  while the t empera tu re  
gradient ( t l - f 2 )  ranged from 40 to 80°C. The  modified Taylor  number  

where Fg is a geometr ic  factor  1 7 1 ,  ranged from 1.67.  10' to 1.59. lo9 .  
t-f r--I  is shown inT h e  dimensionless t empera tu re  profile 2= f (2)
4 - f* rz -rl 

F i g u r e  1 f o r  different values  of the pa rame te r  n .  Starting a t  w values  of 
about 160- 180 rad /  sec ,  the experimental  points obtained under different 
flow conditions a r e  grouped around a single curve ( the experimental  points 
show a s m a l l  dispersion),  indicating in a l l  ca ses  the s imi l a r i t y  of the flow 
(as  in the case  of the dynamic problem). 

FIGURE 4. Dependence of the Nusselt number (Nu) on the 
modified Taylor number (Tal,. 

_ - _  - calculated by equation (7); -calculated by equation 
(9); I - experimental data of the authors: I1 - experimental data 
from /lOk 111- experimental data from /8h IV - experimental 
data from /I/; V - experimental data from /9/. 

T h e  temperature  of the rotating air s t r e a m  dec reases  rapidly in the 
boundary l aye r  on the inner  and outer  cylinders,  but drops negligibly in 
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the cent ra l  zone. T h e  figure shows that a t  wtetween 180 and 283 r ad / sec ,  
the temperature  changes in the central  turbulent flow zone (ccopying about 
8 0 %  of the channel width) are only 4 %  of the total  t empera tu re  gradient 
t , - f* .  

T h e  Nussel t  number  Nu = 29(rA is shown in F i g u r e  4 as a function of 
k ( t 1  -t z )

the experimental  modified Taylor  number (Ta),. F o r  the sake  of 
comparison, the s a m e  figure a l so  contains experimental  data f rom 16-91. 
As  is evident f rom the figure,  there  is good agreement  with the data of / 7 /  
for  the range of (Ta), values common f o r  the two investigations. The 
continuous and the dashed l ines  were  plotted on the b a s i s  of the empir ical  
equations recommended in  / 7 , 9 / .  

We now compute the temperature  profile in  an annular channel under 
developed turbulent fIow conditions. Let u s  analyze the flow region on the 
outer wall. T h e  expression f o r  the tangential f r ic t ional  s t r e s s  

r = - p ( v + v T ) f  -:(:I*
written in t e r m s  of universal  var iables  (taking into account the condition 
for  the conservation of the momentum of the friction, T r 2  = T w 2 r i )  has the 
fo rm 

By t ransforming the expression for  the heat  flux density 9/pCp = 

= - ( a  + aJ)- dT (bear ing in mind the condition for i t s  conservation, 9r = 9zr, = dr 
= const.) in t e r m s  of new generalized va r i ab le s  

(where T , , , ? =  L),we obtain 
p c, u:::. 

where u and ( S J  a r e  the physical and the turbulent P rand t l  numbers.  
By equating the right-hand s ides  of equations (10) and ( l l ) ,we obtain 

an equation for  the determination of the t empera tu re  profile for  a known 
velocity profile 

In a s i m i l a r  way we can easi ly  der ive equations for  the determination of 
the temperature  profile on the rotating wall of the channel. 
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By substituting equations (which descr ibe  the velocity prof i les)  in the 
der ived equations for the outer  (12)  and the inner  channel zones (3) to (6), 
and integrat ing within the respec t ive  l imits ,  we obtain the following 
express ions  fo r  the tempera ture  prof i les  in annular channel c r o s s  sections: 

9, =aq,. 0 4 4 5 ,  
92= mz, 04yt 45, 

+50 f o r  5O<q,,<g,. 

In the derivation of equations (13) to (15) we made the simplification that 

in  the laminar  sublayer  -$ and %<<1 while in  the cent ra l  turbulent flow 

region and %>> 1. In F igu re  1, the continuous line (11) plotted on the 
V a 

bas i s  of equations (13) to  (15) is in sa t i s fac tory  agreement  with the 
experimental  data, the deviations not exceeding 1 0  70. The  sha rpe r  decrease  
in the calculated tempera ture  in the cent ra l  flow region is apparent ly  
caused by  the fact  that the calculations did not take into account the heat 
t r ans fe r  by secondary eddy cur ren ts  1 5 1 ,  whose effect i nc reases  with 
decreas ing  rotat ion velocity of the inner  cylinder. 

We now de termine  the Nussel t  numbers  Nu,, Nuz, and Nu, calculated on 
the bas i s  of the heat t r ans fe r  coefficients f rom the inner  (a , )  and the outer  
(a* )  channel walls, and a l s o  on the bas i s  of the overal l  coefficient ( a )  r e f e r r e d  
to the total t empera ture  gradient  between the walls. 

On the outer  wall, the Stanton number (St,) is wri t ten in the following 
form 

where  

By substituting the value of a2 = in (16) and using the equation
t c  - t z  

ugz= fiuz (where  t ,  is the tempera ture  a t  the center  of the channel and 

f z  is the r e s i s t ance  coefficient), we ultimately obtain 
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and the tempera ture  ~ , = l / f ? T  r e fe r r ed  to the averaged local  velocity and 

the tempera ture  in  the channel c r o s s  section. The  experimental  points 
obtained under different flow conditions (w = 178, 230, 262, and 283 
rad /  sec)  lie with l i t t le  dispers ion on the s a m e  curves,  thus confirming 
the s imi l a r  na ture  of the flow pulsation charac te r i s t ics .  

FIGURE 5. Distribution of the rates of pulsation of the 
velocity E ? ,  E ~ .and (at m = 283, 230, and 178 rad/sec), 
the temperature, and the correlation coefficient, ct,  UWf 
(at m = 283 rad/sec). 

A comparison of our  experimental  data  with r e su l t s  obtained in the 
measurement  of the velocity pulsation r a t e  in a s t ra ight- l ine flow in 
a f la t  channel / l o /  leads to the following observations. 

Within re la t ive ly  thin l aye r s  in the vicinity of the annular channel (where  
the tangential f r ic t ional  stress m a y  be regarded  as approximately constant), 
the distribution of the s t r e a m  pulsation charac te r i s t ics  (as that of 
the averaged values) has  the same  nature  in the c a s e s  of both curved and 
s t ra ight- l ine flows. In both cases  a maximum in the distribution of the 
pulsation r a t e  ( E ~  and E~ in the case  of curved flow, and E ~ ,  E ~ ,and E~ in 
the c a s e  of s t ra ight- l ine flow) is observed nea r  the wall, at a dis tance 
s m a l l e r  than 0.1 d (where d i s  the half-width of the chaniel) .  A s  the point 
of the maximum pulsation rate i s  passed ( in  the direction of the wall) these 
components rapidly drop to zero.  

The  specif ic  charac te r i s t ics  of convoluted flow are exhibited in the 
cent ra l  zone of the channel, where  the effect of the wal ls  is negligible and 
the effect of the centrifugal force  field is fully exhibited. In cont ras t  to  
s t ra ight- l ine flows no isotropic  turbulence is observed here:  ( E ?  # sZ# E ~ ) ,  

i. e . ,  the r ad ia l  component of the mean square  pulsation of the velocity 
vector  E, is noticeably l a r g e r  (by  a fac tor  of near ly  2) than E? and E~ and 
reaches  a maximum value. 

The  l a t t e r  c i rcumstance  could apparent ly  explain the high r a t e s  of the 
t r ans fe r  p rocesses  in the cent ra l  flow zone, leading to  the leveling of the 
velocity profile, the angular momentum, and the temperature .  
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T h e  cor re la t ion  of v x  determining the tangential f r ic t ional  s t r e s s  

(7 = -pu>;) i s  shown in F i g u r e  2. The cor re la t ion  coefficient 

K,= v,v;/  
-V F V F  h a s  a value of nea r ly  z e r o  over  the en t i r e  channel'p v, 

cross  section, while Kpr= i s  virtually constant, and has  
a value of about 0.4. 

The re su l t s  of our  experimental  m e a s u r e m e n t s  of the t empera tu re  
pulsations, and the velocity- t empera tu re  cor re la t ion  shown in F i g u r e  5 
indicate that the et  profile i s  similar to those of E? and e l .  T h e  t empera tu re  
pulsation r a t e  e; has  a maximum in the vicinity of the channel walls,  and 
r e m a i n s  nea r ly  constant in  the cen t r a l  zone of the channel.- -

T h e  cor re la t ion  coefficient K w t = m / l / W " X  l/t"(where  W is the 
effective velocity pulsation acting on the packing threads) r e m a i n s  
virtually constant within the cen t r a l  zone of the channel in  the  case of 
developed turbulent-flow conditions. 
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P. N. Romanenko and A. N. Oblivin 

EXPERIMENTAL STUDY O F  THE FRICTION 
AND HEAT TRANSFER DURING GAS FLOW 
IN A DIFFUSER CHANNEL WITH COOLED 
WALLS, DURING COMBUSTION 

The  fr ic t ion and heat t r ans fe r  in the turbulent boundary l aye r  during the 
flow of diathermic gases  in channels and along the su r faces  of bodies with 
different geometr ic  shapes  have been the subject  of a number of pape r s
11-101. These  pape r s  are based on semiempir ica l  theories  and var ious 
assumptions. 

The  heat t r ans fe r  and fr ic t ion within a turbulent gas  s t r e a m  in which 
there  occurs  burning of the combustible components of the fuel  (e. g. , a 
liquid fuel) is of considerable  prac t ica l  interest .  The  papers  dealing with 
the above problem published to date  do not permi t  a quantitative evaluation 
of the heat t r ans fe r  and fr ic t ion,  especial ly  in the case  of gradient  
flow. Some papers  111-141 deal  with the calculation of radiant  heat 
t ransfer  as a whole. F o r  instance,  an experimental  measurement  (using 
two radiation me te r s )  of the convective and radiation components is 
repor ted  in 1141. 

The  available data  show that the 	4. r a t io  [ 9rstanding f o r  qradiafion and 
9c 

9 c  f o r  qconvection]is a lmost  independent of the Reynolds number and r ema ins  
virtually constant in the R e  range  up to 13-I O 3 .  

In ou r  case ,  the radiant  heat  t r ans fe r  is accompanied by convective heat 
t ransfer ,  s ince the g a s  s t r e a m  moves  a t  a considerable  velocity. 
Consequently, the problem mus t  be solved by taking into account both the 
convective and the radiant  heat t r ans  fe r .  

I t  has  been shown 191 that i f  the tempera ture  a t  the outlet of the 
combustion chamber  is up to  1500"K, the gaseous products formed by com
plete  combustion of kerosene  may be regarded  as a pract ical ly  d ia thermic  
medium. Because of the l a rge  excess  of air, the re la t ive  concentrations 
of t r ia tomic gases and water  vapor  in the combustion products  is very  
small .  When a f lame is present  in the gas  s t r eam,  the heat exchange 
between the gases  and the channel wal ls  occu r s  s imultaneously with the 
combustion process .  T h e  radiat ion f rom the f lame is considerable ,  and 
hence the radiant  heat t r ans fe r  is commensura te  with (and in  some  cases 
even exceeds) the convective heat t r ans fe r  between the gas and the walls. 

T h e  e x p e r i m e n t a l  s e t u p  cons is t s  of an open aerodynamic tube, 
f o r  noncontinuous operation (F igu re  1). The  experimental  setup and the working 
section have been descr ibed in detail in 1 6 1 .  A high- tempera ture  gas  was ob
tained by  burning kerosene  in  the combustion chamber  f rom the heating 
apparatus  of theVK-IF gas  turbine. The  s t r eamve loc i tywas  measu redwi th  the 

140 



aid of pneumatic Piton tubes made  of s ta in less  steel .  T h e  s t r e a m  temperature  
was measu red  using chromel- alumel  thermocouples.  The thermocouple 
heads were  screened by protective c e r a m i c  jackets.  T h e  construction of 
the sensi t ive elements  was such that the wal ls  of the channel could be 
approached to a distance of 0.00075m. T h e  wal ls  of the experimental  
section were  cooled with water.  

FIGURE 1. Schematic view of the experimental  section. 

1- compressor; 2 - receiver; 3 - electric heater; 
4 - VK-1F combustion chamber; 5 - heating apparatus; 
6 - ejector; 7 - transient sections; 8 - experimental  
section. 

T h e  experiments  involved 6 s e t s  of conditions. E a c h  s e t  of conditions 
was character ized by cer ta in  given t empera tu res  and g a s  velocit ies a t  the 
inlet  of the experimental  section. 

T h e  stagnation temperature  of the potential g a s  flow ranged f rom 913 to 
1303°K. T h e  potential  flow velocity a t  the inlet  of the experimental  section 
was maintained between 136 and 2 0 0 m / s e c .  T h e  wall temperature  ranged 
f rom 313 to 328"K, depending on the init ial  t empera tu re  of the mainstream. 

The  experiments  extended over  the Reynolds number  range of (50 - 150)X 

X103 and the temperature  factor  range Fw= &=0.4-0.25. In the cour se  ofTO! 
the experiments  we measu red  the t empera tu re  and velocity profiles in the 
c r o s s  section of the flow and the s ta t ic  p r e s s u r e  in each section. In  a 0.75 m 
section, the measu remen t s  were  made  a t  five c ros s - sec t ion  planes. In 
addition, we measu red  the consumption of the cooling water ,  the water  
t empera tu re  a t  the inlet  and outlet of each of the five experimental  sections,  
and the channel wall  temperature .  T h e  composition of the combustion 
products passing through the experimental  section was determined by 
analysis  of the gas  ( the  experimental  section has  been descr ibed in detail  
in 161). 

T h e  experimental  data obtained on the velocity and t empera tu re  prof i les  
enabled u s  to determine the integral  cha rac t e r i s t i c s  of the the rma l  and 
hydrodynamic boundary layers ,  i. e. , the momentum thickness 
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the dynamic displacement thickness 

the energy loss thickness 

m 
 (--01-)T -To dy;'p = 
P I 4  T , - T T ,  

and the the rma l  displacement thickness 

T h e  fr ic t ional  coefficients were  determined by means  of the integral  
pulse equation and Klauze r ' s  method, descr ibed in detail  in 1 7 1 ,  The  heat 

flux on the wall  was determined by a 
heat balance method based on the 
heating of the cooling water in each 
section of the experimental  section. 

T h e  generalization of the experi
mental  data obtained in t e r m s  of the 
integral  cha rac t e r i s t i c s  of the turbulent 
boundary layer ,  the friction coefficients, 
and the heat flux on the wal ls  enabled .US 

to es tabl ish the empi r i ca l  relationship 
between those t e r m s  and to analyze the 
effect of the temperature  fac tor  on 
friction and heat t r ans fe r  under the 
conditions discussed here.  

The  experimentally measu red  heat 
flux compr i se s  radiant and convective 
heats.  The  radiant heat flux consis ts  

FIGURE 2. Changes (over the experimental of the heat radiated by carbon dioxide,
secrion length) i n  the total qru. the radiant q, 
and the convective 9c heat fluxes, under one 

water  vapor,  and the flame. The 


of the sets of experimental conditions (at f ract ion of carbon dioxide in the combus- 

Re = 131.10' and Tu= 0.284). tion products did not exceed 0.062 by 


volume, and that of water  vapor did not 
exceed 0.064 by volume. 

It h a s  been shown experimentally / 9 /  that when this fraction of CO, is 
below 0.071, the amount of heat radiated from the CO, is negligible. The  
s a m e  s ta tement  is valid a l s o  in the c a s e  of water  vapor a t  low concentra
tions in the combustion gases .  Hence, the en t i re  amount of radiant  heat  
( f r o m  the gas  to the wall) came  f rom the flame. The  amount of radiant 
heat was l a rge  with r e spec t  to the heat t r a n s f e r r e d  by convection, although the 
convective heat t r ans fe r  in the case of the s t r e a m  velocities used in ou r  
experiments  cannot be neglected. 
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T h e  radiant  heat flux between the g a s  and the channel walls was  
determined by the equation proposed in 1111 and 1121: 

I t  h a s  been proposed / I 2 1  that the following values should be used under 
the conditions discussed here: Aas = 0.85; a== 0.96. 

I t  is evident that the heat flux measu red  on the bas i s  of the cooling water  
balance includes the value of 9 ,  = 9, +9c. 

T h e  value of qc was determined f r o m  the known (equation (1))value 
of the radiant  heat flux 9r.and the known value of the total heat flux qW. 

T h e  r a t io  of the convective to the radiant  component of the heat flux 
(F igu re  2) did not r ema in  constant, but changed over  the length of the 
exper imenta l  section. T h e  r a t e  of convective heat flux decreased  m o r e  
rapidly than that of the total heat flux, s ince  the radiant  heat flux remained  
constant ove r  the channel length. 

On the bas i s  of the experimental  data ,  we calculated the values of the 
Stanton number for  convection, S tc ,  and for  radiation, S t , (F igu re  3): 

St, = 9 c  ’ 
P I  UlCP, (To,-T,) 

St, = 4r 
PI UlCP, (To, -T,) 

T h e  observed experimental  re la t ionship St --/(Re), where  Re = -,uid 
StC VI 

shows that the ra t io  of the radiant  to convective components under the 
above conditions depends to a g rea t  extent on the Reynolds number.  At 
R e  = 5. lo4 ,  the radiant  heat t ransfer  accounts f o r  about 5 0 %  of the total 
heat flux on the wall. At R e  = 1 5 - l o4 ,  the rad ian t  heat t r ans fe r  accounts 
f o r  only about 207’0of the total heat flux. 

FIGURE 3 .  St,/Stc as a function FIGURE 4. The function St-f(Rey ). 
of Re. 

It is evident that as the Reynolds number  inc reases  the re  m u s t  b e  a 
dec rease  in  the re la t ive  contribution of the radiant  heat t r ans fe r  because 
of the inc reased  re la t ive  contribution of the convective heat t r ans fe r  to the 
total heat flux on the wall. 

Thus ,  we r e a c h  the conclusion that in  the presence  of developed 
turbulent flow with combustion, the na ture  of the heat t r ans fe r  mainly 
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depends on the g a s  velocity. At  gas veloci t ies  lower than lOOm/sec  (i. e . ,  
in our  c a s e  a t  R e  5- lo4) ,  the radiant  heat t r ans fe r  between the gas 
s t r e a m  and the cooled wal l  is considerable. At gas velocities higher  than 
100 m /  sec ,  the re la t ive  contribution of the radiant  heat flux decreases ,  and 
a t  even higher velocities (above 200 m/ sec)  i t s  contribution is much s m a l l e r  
than that of the convective component of the heat  flux. 

The  collected experimental  data  make  i t  possible to  analyze the effect 
of radiant  heat t r ans fe r  on the changes in  the Stanton number over  the 
length of the experimental  section. The  plot of S t  as a function of Re,  in 

QuFigure  4 (where  S t =  
p1w p ,  (To, -T d  ' 

Re, = u,cp, and qr is the total heat 
V I  

flux in the wall, w/m2) shows an inc rease  in the Stanton number with 
increas ing  Re,. 

By comparing the relat ionship obtained by u s  with the analogous functions 
f rom 16,141, we find both qualitative and quantitative differences. These  
differences m a y  apparent ly  be at t r ibuted to the effect of radiant  heat 
t r ans fe r  on the der ived experimental  function, The  radiant  heat trans'fer 
causes  an inc rease  in the absolute value of the Stanton number (F igu res  2 
and 3). 

Comparison of experimental values of St, with values calculated by means of equations from /9/, for 
a tube (T,=O.274. T,=315.5, To,= 1157'K) 

.-

Experimental Stccalculated Experimental Stc Experimental 

channel i n  accordance in  the dif- Re 
section with /9/ fuser channel (=%Re;/< 

~ . .  

0.001120 0.00117 115,000 0.01340 
0.001640 0.00150 91,000 0.01250 
0.001100 0.00146 96,000 0.00840 

value of 

0.000950 0.00106 ' 93,000 0.00725 
0.000319 0.00046 90,000 0.00242 

~- _ _ ~. . 

O u r  data  for  S t c  are in good agreement  with the experimental  data  of / 9 /  
( s e e  the table), which conf i rms  the validity of the conclusions of 12, 61, 
according to which the Stanton number has  little effect on the positive 
longitudinal p r e s s u r e  gradient  in  convective heat t ransfer .  

Thus,  the heat t ransfer  in  a moving gas  s t r e a m  during combustion 
should be calculated using the function 

St,/Stc= \(Re). 

The  collected experimental  data  on the fr ic t ional  coefficient make  i t  
possible  to propose an equation f o r  the calculation of friction as a function 
of the tempera ture  fac tor  T, (F igu re  5). The  tempera ture  range  is f rom 
0.8 to  0.25. 

In addition to the experimental  data  on friction, obtained with gas  flow 
under the conditions discussed he re  (i.e., at high tempera tures  and during 
combustion), F igu re  5 contains a l so  the experimental  data of / 6,141 fo r  
rw= 0.7. 

The  experimental  function c=f(r)shows that the experimental  data  fo r  
the coefficient of f r ic t ion obtained a t  different values of the tempera ture  
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fac tor  (between 0.8 and 0.25), m a y  be  approximated by the following 
expression: 

In  (2), the effect of the tempera ture  fac tor  on the fr ic t ion is accounted 
fo r  by the introduction of a cor rec t ion  fo r  nonisothermal  conditions 

F I G W  5 .  The function g = f ( r ) * .  

Equation (2) is s imi l a r  to  equation ( 3 - 2 )  in / 6 / ,  which was der ived 
by general izat ion of the experimental  data  on the fr ic t ion during turbulent 
flow of hot air in diffusers  with cooled walls, f o r  a tempera ture  factor  
Fm>0.6. 

The  experimental  function F ( r ) = f ( I ' )  presented in / 6 /  (equation (4- 4)) 
r ema ins  unchanged. Hence, the method proposed in / 6 /  ( for  the calculation 
of the dynamic boundary layer)  m a y  be extended to the calculation of 
f r ic t ion in subsonic gas s t r e a m s  during their  flow in diffuser channels with 
cooled walls, at t empera ture  fac tor  values between 0.8 and 0.25. 

The  following sequence is suggested fo r  the calculation of heat t r ans fe r  
under the above conditions. 

1) The  radiant  heat flux in the wall i s  determined by the method of /11, 
1 2 / ,  f rom known expressions fo r  the tempera ture  changes in the potential 
flow, the wal l  temperature ,  and degree  of blackness  of the wall. 

2) The  value of S t ,  is determined f rom the known expression fo r  the 
changes in the potential flow velocity and the radiant heat flux in the wall. 

3) The  S t , / S t c  r a t io  (and f rom there  the value of St,) is determined 
f rom the calculated Re, with the aid of the curve  in F igu re  3. 

4) The  value of q c  is determined f rom the express ion  f o r  St,. 
5) Final ly ,  the value of qe =qr  +qC is determined f o r  the existing 

conditions. 

The dispersion of experimental points (25 - 30%) on Figures 3, 4, and 5 is within the limits of experi
mental accuracy. 
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S y m b o l s  

p - s ta t ic  density in  the boundary layer ;  u - velocity in the direct ion of 
the x axis  in  the boundary layer ;  p1 - s ta t ic  density of the potential flow; 
u1 -velocity of the potential flow in the direct ion of the x axis; T, -
equilibrium t empera tu re  of the potential flow; To - stagnation t empera tu re  
in  the boundary layer; a, - radiat ion constant of an  ideal  black body; Hp
sur face  area absorbing the radiant  heat, m2; a - s imi l a r i t y  coefficient 
of the t empera tu re  layer ;  To, - t empera ture  of the hot medium; T, -wa l l  
t empera ture ;  A,, - coefficient charac te r iz ing  the proper t ies  of the su r face  
absorbing the rad ian t  heat; E~~~~ - the cor rec ted  degree  of blackness;  qc
convective component of the heat flux, kcal/m2; qv -measured  heat flux 
on the wall, kcal/m2; d - inner  d iameter  of the corresponding sect ions of 
the exper imenta l  section, m ;  v1 - kinematic viscosi ty  of the potential 
flow; q - energy  l o s s  thickness, calculated on the bas i s  of the the rma l  

balance of the cooling water,  m ;  5 = Cf Rep - shape pa rame te r  fo r  friction;
2 

Re;''cf - coefficient of friction; r = -.!- 5) - shape  pa rame te r  for the
( u l  d x  . 

longitudinal p r e s s u r e  gradient. 
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III. INVESTIGATION OF THE HEAT TRANSFER 
AND [HYDRODYNAMIC] RESISTANCE IN THE E N T R Y  
SECTIONS OF TUBES AND CHANNELS 

B. S. Petukhov and Chang Ch&ng-Yung 

HEAT TRANSFER IN THE HYDRODYNAMIC 
ENTRY SECTION OF A ROUND TUBE DURING 
LAMINAR LIQUID FLOW 

In many  heat t r ans fe r  sys t ems ,  the en t ry  to  the heated (or  cooled) 
section of the tubes coincides with the en t ry  of the liquid into the tube. In  
such  a case, tLe velocity and t empera tu re  profiles change simultaneously 
over the length, o r  in o ther  words,  the heat t r ans fe r  takes  place within the 
hydrodynamic e n t r y  section. 

However,  m o s t  published theoretical  pape r s  dea l  with the hea t  t r ans fe r  
during stabil ized l amina r  flow, while ve ry  few are  concerned with the heat 
t r ans fe r  within the hydrodynamic en t ry  section. For  example,  the l a t t e r  prob
lem has been discussed ( f o r  the case of constant wal l  temperature)  b y s p a r r o w
111f o r  tubes with a f l a t  cross  section, and b y  Stephan 1 2 1  f o r  round and f la t  tubes. 
An approximate solution of the problem of heat t r ans fe r  in  a f la t  tube with a 
constant heat flux density on the wall ( q w =  const. ) has been obtained by 
Siege1 and Spa r row 1 3 1 .  A numerical  calculation of the heat t r ans fe r  in  a 
round tube a t  q, = const. w a s  m a d e  by Kays  141 fo r  a single value of the 
P r a n d t l  number  (Pr = 0.7). This calculation gave too high va lues  f o r  the 
heat t ransfer .  Thus,  there  i s  a s  yet  no complete solution of the problem 
of heat t r ans fe r  within the hydrodynamic en t ry  section of a round tube a t  
9w= const. We  shall p re sen t  below a solution of th i s  problem, derived by 
using the approximate methods of the boundary layer theory. 

The problem of heat t r ans fe r  within the hydrodynamic e n t r y  section of a 
round tube a t  q,= const. is solved 5y making the following assumptions: 
1) the flow and the heat t r ans fe r  are steady; 2) the liquid is incompressible  
and i t s  physical  p roper t ies  are  constant; 3) the changes in  the hea t  flux 
caused by the rma l  conductivity along the [tube] ax i s  and the heat of f r ic t ion 
are negligible; 4) the t empera tu re  and velocity of the liquid in  the inlet 
cross  section are uniformly distributed, and the velocity vec tor  coincides 
with the tube axis ;  5) the heat flux density on the inner  su r face  of the tube 
wall  is maintained constant. 

Taking into account conditions I ) ,  2), and 3), the ene rgy  equation i s  

fit atw x - + w r - = a - 
ax dr (r -

:r) 

T h e  boundary conditions fo r  the t empera tu re  are  

a t  x = O  and O&r<r,,,  t=r,;  
ata t  x a 0  and r = r , ,  -=h. 
ar b 
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We now apply equation (1) to the the rma l  boundary layer  region. T h e  
equation is t ransformed using the continuity equation, multiplied by rdr,  
and integrated over the thickness of the the rma l  boundary layer.  The  
following integral  re la t ions a r e  obtained a s  a r e s u l t  
if A,< 6, 

1 x(-W.t 8RdR =4 
Pe d 

; (4) 

I -A 

I1W x 0 R d R + !
I - 6 

W l @ R d R = 4 - - .  %1 
Pe d 

1-6 I -x 

In o r d e r  to be able to use equations (4) and (4a) ,  i t  is necessa ry  to know 
the distributions of W,(R)  and @ ( R )within the thickness of the boundary layer.  

In accordance with Schiller / 51, we present  the velocity profile over 
the hydrodynamic boundary layer  c r o s s  section in the form of a quadratic 
parabola: 

or 

while the velocity changes in the flow c o r e  over  the tube length a r e  
r ep resen ted  by the equation 

23 = 6 
zero 6-445 + @ ’  

where y = (ro- r )  is the distance from the wall  to the discussed point in the 
boundary layer.  The value of W ,  is evidently equal to the product of 
equations (5) and ( 6 ) .  

The  dimensionless thickness 6 of the hydrodynamic boundary l aye r  may  
be calculated on the bas i s  of one of the known theories  for  the hydrodynamic 
en t ry  section. In this connection, we made  use of the work of Landhaar / 61,  

Wwhich contains tabulated numerical  values of -2 =f . Using the above 
W o  (Re d )  

equation and equation (6), we can readi ly  calculate for  var ious values  of 

_ _  1 % ( s e e  the table).
Re d 
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II II I I II II 11111111 I111 I I I  I I I I I I I  I I  I111 I 1111 111111111I I 1 1 1 1  

Dependence of i on I x 
Re d -~ - 

l x 

Re 
_- 8.35.10-5 3.95.10-4 9.75.10-4 2.00.10-3 3.53.10-3 

8 0.1 0.2 0.3 0.4 0.5 

I x _ _Re 5.8.104 9.18.10-3 1.46.10--'  2.51.10-2 6.43.10-2 

6 0.6 0.7 0.8 0 9  0.99 

T h e  velocity profile in the hydrodynamic en t ry  section is fully determined 
by equations (5) and (6 )  and the re la t ions  are shown in  the table. When 

is increased ,  i +1, Wl-2. and 5 ( 1  -R2), i. e. , the velocity
Re d WO 
profile fo r  the e n t r y  sec t ions  a s s u m e s  a parabolic shape, cha rac t e r i s t i c  
of s teady  flow. 

F i r s t l y ,  the function f o r  O ( R )  should sa t i s fy  the conditions on the outer 
boundary of the the rma l  boundary layer, and on the wall 

( the las t  condition arises f r o m  the energy equation). Secondly, a t  b = 1, 
i t  should b e  t ransformed into the well-known expression for the t empera tu re  
field in  s teady  heat t r ans fe r  

A t  z < l  t i = f o .  
T h e  las t  condition i s  sa t i s f ied  if &<g. If A 7  6, i t  i s  not satisfied in  

the s t r i c t e s t  s e n s e  of the t e rm,  s ince  in such a case, the velocity profile 
d i f fe rs  f r o m  a parabolic curve.  Assuming that the difference i s  sma l l ,  we 
sha l l  accept that equation (8) i s  approximately valid a lso a t  & > a .  

In o r d e r  to  se l ec t  an  adequate function, we f i r s t  apply equation (8) in 
gene ra l  t e r m s  to the the rma l  boundary layer region in the en t ry  section of 
the tube. To th is  end, A ( x )  should be  substituted for ro in  (8). In that ca se ,  

5= 1 - ?- should be  replaced by 1 -y= I --i-. 
A 

ro r A s  a resu l t ,  w e  
ro To A 
obtain the expression 

which sa t i s f ies  all the above conditions. 
However,  calculations m a d e  using the above equation show that i t  does  

not sa t i s fac tor i ly  desc r ibe  the temperature  distribution in the c ross  section 
of the  boundary layer. Much be t te r  r e su l t s  m a y  be obtained by introducing 

150 



-- 

-- 

-- 

a t e r m  containing a logarithm* into the equation. Thus,  the function 0 ( R )  
finally takes the following form: 

1 , (9) 

where  E = 1 - 1 +-.R Equation (9) also sa t i s f ies  all the above conditions.
A h 

I t  compr i se s  an  as ye t  unknown t e rm,  i. e. , the  thickness & of the the rma l  
boundary layer. 

In o r d e r  to  determine the value of z\, we substi tute in  the in tegra l  
equation (4) the va lues  of Wz(R) (from (5) and (6 ) )  and of 0 ( R )  (from (9)).  
Af te r  integration, we obtain 

6 A3 l3  - 53 &*I 
6(6-446+8')5 [ 20 420 

( 1 + 2 8 ) ? + - - - ,  
3360 6 

+ 
2 B 

+6-6q:+@( 
(1-A)'- [:7( 

- 2 y - - $ )  --T (1- - r - t )+
32 6 

+ ( l - A ) A  P (  125- -[:2 
- 7 2 2 - y  9)--FX4 A 

I xx (1 - 7t) +-e Pe d1 k  4'1) = 4 - - - .  

T h e  a lgebra ic  equation (10)  i s  valid i f  6 4 8 .  By using the in tegra l  equation 
(4a) ,  we can  readi ly  obtain a s i m i l a r  equation fo r  the case of & >%. 

Since the dependence of 8 on 
Re d 

i s  known, equation (IO) may b e  used 

to  determine the thickness d of the the rma l  boundary layer as a function 

of 1 x  and Pr.
Pe d 
B y  definition, the local heat t r ans fe r  coefficient a = L-. 

tw- 1 
If d < 1 (when to = t o ) .  the value of tw-? m a y  b e  r ep resen ted  as  

- , 
t,<- t = ( tw- t o )  -( t  -to).  

F r o m  equation (9),  we have (for  R =  1) 

317 d 
fw- ti = tw- to= -!-A . 

8 ) i  

From the heat balance, we have 

-	 2 ! 3 2 L = 4 q & L r .  
wopcpro )i Pe d 

Thus,  in  the case of < 1, the expression f o r  the local N u  number is 

The necessity for a logarithmic term in the expression for 0 (R)can be demonsrrated by analysis of the 
energy equation using the method of successive approximations. 

151 



-- 

T h e  above express ion  is valid f o r  both 8 4 8  and 67g. Beginning with the 
value of the equivalent length ( a t  which d becomes  equal  t o  unity), we  should 
distinguish between two cases: 

& < < a n d  A > %  

In the f i r s t  case, the stabil ization of the velocity profile is completed 
e i ther  before  o r  s imultaneously with the stabil ization of the tempera ture  
profile. Hence, when becomes  equal  to unity, the heat  t r a n s f e r  i s  
stabil ized and the Nusse l t  number  a s s u m e s  a constant (limiting) value,  
denoted h e r e  by Nu,.  According to ( 1 2 ) ,  

1NU, = 
3 4-- 1 1i.e.' 
8 Pe d 

T h e  equivalent length of the the rma l  e n t r y  sect ion i s  determined f rom (10) 
by assuming that 8 =  1 and A =  1. Then 

1L e . =  0.0365. 
Pe d 

Hence, Nu, = 4.36, which i s  in agreement  with known data. 
In the second c a s e ,  the velocity profile changes over  the length continue 

a f t e r  becomes  equal  to unity. For  this reason ,  the heat t ransfer  is 
s tabi l ized in that sect ion of the tube in which the velocity profile h a s  been 
s tabi l ize  :. Equation (11) should not be used f o r  the section f o r  whose length 
z\=1 and $ < I ,  s ince  in that case, d # t , .  T h e  value of tw-7 f o r  that  sect ion 
may be  de te rmined  by using the equation 

r . 4  

-At  I\ = 1, equation (9)  is t ransformed into (8). B y  using (8), ( 5 ) ,  and ( 6 ) ,  
we calculate  ( tw-t)  and then the Nusse l t  number.  A s  a resu l t ,  we obtain 

At  6 = 1 ,  

Nu = NU, =4.36. 

In  this  case, the length of the the rma l  en t ry  sect ion cor responds  to the 
length of the hydrodynamic en t ry  section and may be  determined f r o m  the 
table as the value of that a rgument  f o r  which =0.99: 

1 1t.e- - - -40 .064  or  1 lt.e,0.064 
Re d Pe d Pr 
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T h e  Nussel t  numbers  were  calculated in the range lo-'< Ped 
4 lo-' for  

P rand t l  numbers  equal to 0 .7 ,  1, 10, 200, 1000, and Q). T h e  resu l t s  a r e  
shown in F i g u r e s  1 and 2. 

FIGURE 1. Changes in the Nusselt number in the entry 
section of a round tube during changes in the velocity 
profile over the length (according to our calculations). 

The  curve in  F i g u r e  1 for  Pr = a, is the l imiting curve and corresponds 
to a parabolic velocity profile over  the whole tube length. T h i s  is a direct  
resu l t  of the fact  that the ra t io  of the lengths of the the rma l  and hydro
dynamic en t ry  sect ions is proportional to the P rand t l  number.  F o r  a cer ta in  

1given value of --,% the heat  t ransfer  in the hydrodynamic en t ry  section
Pe d 

becomes m o r e  intensive as the Pr number is dec reased  (as should be 
expected). 

FIGURE 2. Comparison of values of the Nusselt number obtained 
as a result of our calculations and the calculation of other authors. 

1 - calculated by Kays for the hydrodynamic entry section at 
Pr = 0.7; 2 - our calculations. for the same conditions; 3 -
calculated by Kays for a parabolic velocity profile; 4 - our 
calculations for the same conditions; 5 - solution of Siegel. 
Sparrow. and Hollman for a parabolic velocity profile. 
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In F i g u r e  2 ,  the r e s u l t s  of our  calculations f o r  Pr = 0.7 and Pr = 00 
(parabolic velocity profile) are compared with o ther  calculated data. In 
the c a s e  of a parabolic velocity profile, the r e s u l t s  of our calculations agree 
with the accu ra t e  solution of Siegel, Spar row,  and Hollman 1 7 1 ,  except fo r  

1 x a narrow range  of values of 
Pe d 

( f rom 2. lo- '  to 7. lo- ' ) ,  where  the 

d iscrepancy  is 5%. T h e  r e s u l t s  of Kays' numer ica l  calculations (for a 
parabolic velocity profile) 141 a r e  about 20 % higher. The  s a m e  d iscrepancy  
is observed  between o u r  calculations and those of Kays,  when the velocity 
and t empera tu re  prof i les  develop simultaneously over the length a t  Pr = 
= 0.7. T h e  above da ta  show fa i r ly  conclusively that the Nusse l t  numbers  
obtained by  the numer ica l  calculations of Kays  are higher than the actual 
values. 

An asymptotic express ion  f o r  the Nusse l t  number  i s  readi ly  derived when 
X .is s m a l l  and the velocity profile is parabolic.  In  this ca se  (z\ << 1 and

Pe d 
6= I ) ,  equation (10) a s s u m e s  the form 

P e  d 

i. e . ,  

A3 = 8.5 I x 
Pe d 

By determining f rom the above equation, substituting i t s  value in (12),  
1 x

and eliminating the t e r m  4--
Pe d 

(which is negligibly s m a l l  as compared 
3 with - A ) ,  we obtain 
8 

which is in excellent agreement  with the equation derived in 181 .  
1 I

F o r  low values of -- (i. e. ,  nea r  the inlet of the tube, where  the
Re d 

thickness of the boundary l aye r s  i s  smal l ) ,  i t  is possible to derive another 
asymptotic express ion  f o r  the Nusse l t  number.  In the c a s e  of %<<1 and 
A << 1 , equation (10) a s s u m e s  the fo rm 

9(0.2355 -0.0265 ') = 4-1 x
6 P e d  

I 5
T h e  calculation r e s u l t s  show that the -Z6 r a t io  depends mainly on the Prandt l  

number,  and in the case of 0.7 <Pr < 1000 and 
1 x  

Q 4.lO-O (or  10Q Pr <1000
Re d 

and ,<2.lO-3), the above r a t io  is expres sed  by the equation
Re d 

A =0.54 Pr-''. . 
I 
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B y  substituting the above value in  the preceding equation, we obtain 

1 x0.546"Pr- W (0.2355 -0.0143 Pr-'/a) =4 --
Pe d 

S ince  the second t e r m  in the parentheses  is small  with r e spec t  to the 
f i r s t  t e rm,  i t  is evaluated b y  approximation, a s suming  Pr = 1. We thus 
obtain 

A =5.8 
(;e d X ) '  Pr'l*. 

1 %By substituting the above expression in  (12)  and neglecting the t e r m  4 
Pe d 

(because  of i t s  small value), we obtain 

1 Y - - HN u = 0 . 4 6  
( R e  d )  P r n '  

Equation (15) coincides exactly with the equation f o r  local  heat t r ans fe r  
in the c a s e  of longitudinal flow around a plate a t  q w =  const. / 9 / .  Thus,  the 
heat t r ans fe r  nea r  the tube inlet i s  approximately governed by the same 
laws as in the c a s e  of a plate. 

T h e  use of the following interpolation equation (16) is suggested for the 
1 n

whole range of 
Re d 

values corresponding to  hydraulic en t ry  section (except 

fo r  v e r y  small values): 

=0.35 (-- )-'I'[ 1 +2.85 (15)'' a ]  , 
Nust Re d Re d 

(where Nu,, i s  the Nussel t  number  fo r  s teady  flow a t  q,= const.); equation 

(16) desc r ibes  the calculated r e su l t s  in the range G 5 0.064 and 
1 x R e d

0.7 4 Pr 4 1000 with an accu racy  of about 6 % .  At  -- values higher than
Re d 

0.064, the velocity profile becomes parabolic and Nu = Nusr. 

FIGURE 3. Relationship between 	Nu and 
PW 

for oil V M - 4  (1.2)Nu, 
and water (3,4): 

1- in the developed flow region; 2 - in the hydrodynamic entry 
section. 
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T h e  value of Nust m a y  b e  calculated by the equation presented in f 7 f  or  
with the aid of a n  interpolation equation: 

INu,,= 1.31 (--) x - - 'A  ( 1  + 2  . 
Pe d Pe d 

Equation (17) desc r ibes  the r e s u l t s  of our  calculations f o r  a parabol ic  
velocity profile with a n  accu racy  of k470 and is valid in the range  of

' C 0.038. 
Pe d 

In o r d e r  t o  account f o r  the effect of the var iable  viscosity on the heat  
t ransfer  during the flow of dropping l iquids a t  high tempera ture  gradients ,  
we used experimental  data /10-11/ f o r  water  andVM-4 oil, whichwere  obtained 
i n  the hydrodynamic en t ry  sect ion and in the region of developed flow 
(F igure  3). T h e s e  data  are sa t i s fac tor i ly  descr ibed by the equation 

where  N u  and N u ,  are the Nussel t  numbers  determined in the experi.ment 
and calculated f r o m  equation (16) (assuming that the physicaI proper t ies  
are constant); pw and 1'1 are  the values  of the viscosi ty  coefficient a t  the 
wall t empera ture  and a t  the mean  ca lor imet r ic  tempera ture  of the liquid in  
the given section. T h e  physical  p roper t ies  of the liquid and the express ions  
f o r  the N u ,  Pe,  and R e  numbers  w e r e  taken to correspond to a tempera ture  

t =-1 (f, +?).
2 
Equation (17) is valid f o r  the case of heating of a liquid a t  0 .044  	I.,<<,. 

PI. 

S y m b  0 1 s  

io- tube radius;  to  - liquid tempera ture  a t  the inlet; qw- heat  flux 
densi ty  on the wall; A - t he rma l  conductivity coefficient of the liquid; A 
and 8 - thicknesses  of the the rma l  and hydrodynamic boundary layers ;  
w0 - liquid velocity a t  the inlet; wl- velocity in the s t r e a m  co re  o r  on the 
outer  boundary of the boundary layer; ti - t empera ture  a t  the tube axis.  
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A, A. Zhukauskas and I. I. Zhyugzhda 

EXPERIMENTAL STUDY OF THE HEAT TRANSFER 
AND HYDRAULIC RESISTANCE IN THE ENTRY 
SECTION OF A F L A T  CHANNEL DURING LAMINAR 
FLOW OF A VISCOUS LIQUID 

T h e  fact  that l amina r  flow obeys cer ta in  s t r i c t  laws m a k e s  possible the 
use  of the exact and approximate boundary layer  methods 11-61 (based  on 
the Navier-Stokes, continuity, impulse,  heat flux, and Bernoulli  equations) 
for  the determination of the var ious  hydrodynamic and heat t r ans fe r  
cha rac t e r i s t i c s  of the en t ry  section. However,  all analytical  s tud ies  have 
been based on a number  of simplifying assumptions,  while only a few 
experimental  s tud ies  did not use  these  assumptions.  Most of these  s tud ies  
w e r e  c a r r i e d  out in a i r  s t r e a m s  1 3 ,  7 1 .  V e r y  l i t t le experimental  data have 
been collected on the local heat t ransfer ,  although such data may b e  used f o r  
the more exac t  determination of the nature of the physical phenomena. 
Hence, the main  purpose of this  work was to  study the local heat t r a n s f e r  
and r e s i s t ance  in  var ious  s t r e a m s  of a dropping liquid, within a wide range 
of variation of i t s  physical p roper t ies .  

O u r  experiments  w e r e  c a r r i e d  out in  two hydrodynamic loops, in  air, 
water ,  and t r ans fo rmer  oil s t r e a m s .  T h e  experimental  section ( a rec 
tangular channelwith a cross  section of 0.2 X 0.1 m) contained para l le l  plates 
a s sembled  in  a block, which simulated the investigated channel (F igu re  1). 
The whole channel cross section w a s  uniformly packed with the plates .  
However, only th ree  plates a t  the channel cen te r  w e r e  heated d i rec t ly  b y  
d.c. f r o m  a homopolar generator  or f rom rec t i f ie rs .  T h e  m e a s u r e m e n t s  
w e r e  m a d e  only on the middle  plate, while the two outer  plates s e rved  only 
fo r  modeling. The required distances between the plates (o r  the heights 
of the f la t  channels) w e r e  adjusted with the aid of l a t e ra l  "getinaks":: s t r ips .  
The heated su r face  of the p la tes  was  made  of manganin alloy s t r i p s  
0.00018 m thick ( the  thickness was  uniform ove r  the whole cross  section). 
Thus,  we w e r e  able to  obtain a constant heat flux density on the su r face  
(qw= const.). The manganin alloy s t r i p s  w e r e  glued onto the "getinaks" 
f rame.  Copper-constantan thermocouples used to  m e a s u r e  the su r face  
t empera tu re  w e r e  fitted underneath the alloy s t r ips .  Only the 0.04m wide 
middle  region of the plate was  used in  the measurements .  The thermocouple 
emf and the potential d rop  on the measu r ing  section of the plate and in  the 
shunts w e r e  m e a s u r e d  by compensation. T h e  flow velocity was  determined 
f r o m  the amount of liquid, m e a s u r e d  with a no rma l  o r  duplex diaphragm. 

The s tudies  w e r e  c a r r i e d  out a t  four different heights (s = 0.004; 0.01;  
0.02; and 0.05m) of the 0.002m thick plates forming the channel. The 
velocity was  var ied  between 1.5 and lO.5m/sec  for the air s t r e a m ,  and 

[Paper laminated with resin. 1 
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between 0.1 and 0 . 4 m l s e c  f o r  water  and t r ans fo rmer  oil s t r eams .  T h e  
local  tempera ture  gradient was  varied between 2 7 4  and 313°K. the s t r e a m  
t empera tu re  between 2 8 6  and 333"K, and the values of Prf f rom 0.7 to 580 .  
T h e  hydrodynamic r e s i s t ance  was  determined f rom the s ta t ic  p r e s s u r e  
drop  AP=P,--Pl (F igu re  1). 

FIGURE 1. Schematic view of the experimental sec
tion and the development of the hydrodynamic process. 

Ove r  the length of the en t ry  sect ion (F igu re  I ) ,  a region not affected by 
the viscosi ty  fo rces  ( i .  e. , a potential flow region) was c rea ted  in the 
channel center .  In  view of the growth of the boundary l aye r s  and the 
constant flow r a t e  of the liquid in each  channel section, there  should be an 
increase  in the potential flow velocity. T h i s  c r e a t e s  a p r e s s u r e  gradient. 
T h e  p r e s s u r e  gradient and the inc rease  in velocity are the main fac tors  
causing var ious  phenonema in the en t ry  sect ion of the channel and accounting f o r  
the difference between the phenomena on a plate and in an  infinite s t r eam.  
T h e  p r e s s u r e  gradient d i s tor t s  the velocity and tempera ture  prof i les  within 
the boundary layer ,  reduces  the boundary layer  thickness, and thus 
inc reases  the heat t r ans fe r  r a t e  (as compared  with a plate). T h e  potential 
flow velocity i n c r e a s e s  in  the same direction. An analysis  of our experi
menta l  data  obtained a t  different s in var ious  liquid s t r e a m s  conf i rms  this  
assumption, s ince  o u r  data  lie above the s t ra ight  line describing the heat 
t ransfer  on a plate 1 8 1 .  T h e  data  in F i g u r e  2 show that the heat t r ans fe r  
r a t e  in the en t ry  sect ion depends on the geometr ic  cha rac t e r i s t i c s  of the 
channel, and that the inc rease  in the r a t e  (as  compared with the heat 
t r ans fe r  on a plate) m a y  be accounted f o r  by the introduction of anadditional 

Y 
paramete r  - In that ca se ,  the heat t r ans fe r  in the en t ry  sect ion of a

s R 9 s  ' 
f la t  channel could be expres sed  by the following dimensionless equation 
(taking into account the effect of the t empera tu re  factor): 

T h e  values of the exponents of Ref, and Prl in equation ( 1 )  r ema in  the 
same as in the case  of a plate: in = 0.5 and n = 0.33. Subsequently, b y  

plotting the function NU,,R~T;O.~X Prj-o.33[PrfPry]--0.~= i t  is possible to  
L R J

de termine  the value of the exponent 7 = 0.1 (F igu re  3). T h e  same f igure 
contains data  on the local  hea t  t r ans fe r  on a plate 1 8 1 .  A s  is evident f r o m  

1.59 
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F i g u r e  3,  the experimental  data  f o r  the heat t r ans fe r  in  the en t ry  section 
approach asymptotically the data for heat t r ans fe r  on a plate. Thus,  on 
the b a s i s  of the data  in  the f igure,  we can der ive a general  equation f o r  
the local heat t r ans fe r  in the e n t r y  section of a f la t  channel: 

Id 


IO' 

FIGURE 2. The  relationship I(,, =Nuy, Prlo.n [Pr,/prw]-0*25= 

=f (Ref,). 

1 , 4  .- with transformer oil at  I = 0.05 and 0.004m respectively; 

2.3 - with air, wafer and transformer oil a t  1: = 0.02m and 

0.01 m respectively; 5-experimental data for a plate / 8 / .  

T h e  experimental  data are shown in F i g u r e  3; the s a m e  data were  
used to der ive equation (2 ) .  The  data were  obtained with the aid of the 
s a m e  plate-type ca lo r ime te r  in  the cases of both the plate and the channel. 

FIGURE 3. The function K1 [ P ~ f / P r ~ l - ~ . ~= 

(the symbols used are the same as in Figure 2). 

5 , 6  - experimental  data from /5/ and /8/. 

Using the data in F i g u r e  3, le t  us determine the constant cl; i t  is 
expres sed  by the equation 

In o r d e r  to make  equation ( 2 )  m o r e  general ,  i t  is necessa ry  to introduce 
a coefficient Y for  the nonisothermal conditions on the channel surface 1 8 1 .  
In our investigation ( a s  in the c a s e  of 1 8 1 )  the t empera tu re  gradient changed 
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in accordance  with the equation Af,=f,,--tf=M,where 6G0.4. Thus, the 
local  heat t r ans fe r  in  the e n t r y  section of a flat channel is expres sed  by the 
equation 

T h e  mean heat t r ans fe r  m a y  be  determined by integration of the local  
heat t r a n s f e r  coefficient (calculated f r o m  equation (4)) over  the given 
channel  length. 

T h e  hydraulic r e s i s t ance  is a pa rame te r  of g r e a t  pract ical  importance. 
In our  investigation, i t s  value was  determined by measur ing  the s t a t i c  
pressure drop in f ront  of and behind the channel, with subsequent process ing  
of the collected data  by using the equation 

2s Re, 

where 

FIGURE 4. Hydrodynamic resistance in the  entry section of a Rat channel. 

I- with air. transformeroi1, 2nd water at s = 0.01111; 2-wirhairanduans
former oil  2t s = 0.004m; 3 -with transformer o i l  ar s = 0.02m; 4.7 -
experimental  da ta  from /5/ 2nd /7 /  respectively; 5.6 - resulrs obtained by 
theoretical  [analytical1 c2lculations in  /4/2nd /I/ respectively. 

T h e  na ture  of the hydrodynamic p rocess  in the e n t r y  sect ion of the 
channel shows that in it the energy  is expended f o r  overcoming the fr ic t ion 
f o r c e s  and f o r  accelerat ing the potential  flow. A v e r y  s m a l l  f ract ion of 
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the energy  is los t  a s  a r e s u l t  of velocity redis t r ibut ion at the channel inlet 
and outlet. 

By  generalizing the experimental  data  in  logari thmic coordinates with the 
aid of equation (5), we de termined  the values of the constant r,, and the 
exponent IC.We found that the hydrodynamic res i s tance  in the e n t r y  sect ion 

x 
at -values between 2- LO-' and 9- 10-" is expres sed  b y  the equation

%Re2, 

As is evident f r o m  F i g u r e  4, a t  high values  of the above p a r a m e t e r  
Y 1, the r e s i s t a n c e  in the e n t r y  sect ion approaches asymptotically the 

steady-flow res i s tance  law, while a t  low values of the above pa rame te r ,  
it approaches the law descr ibing the res i s tance  on a plate. 

T h e  data  of other  investigators,  which are shown in F i g u r e s  3 and  4, 
are in good agreement  with our exper imenta l  data. 
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E. E.  Solodkin and A. S. Ginevskii 

TURBULENT NONISOTHERMAL FLOW OF A VISCOUS 
CONIPRESSIBLE GAS IN THE ENTRY SECTIONS OF 
AXISYMMETRICAL AND FLAT WIDENING CHANNELS 
WITH ZERO PRESSURE GRADIENT 

T h e  flow of viscous incompressible  fluids in the en t ry  sec t ions  of f la t  
and ax i symmet r i ca l  channels with fully turbulent boundary layers has  been 
studied in / 1 ,2/ .  In par t icu lar ,  these  s tud ies  w e r e  concerned with the flow 
in the e n t r y  section of an  ax i symmet r i ca l  slightly expanding channel with 
z e r o  p r e s s u r e  grad ien t  and in  the en t ry  sec t ions  of flat, round, and annular 
tubes. 

A s  indicated in / I / ,  in  addition to  the i r  theoretical  value, the r e su l t s  of 
such s tudies  m a y  be  used a l s o  for the investigation of flow in the e n t r y  
sections of corresponding cylindrical  tubes. 

I t  is of in t e re s t  to investigate such  flows in the case of a viscous 
compressible  gas ,  both with and without heat t r ans fe r  in  the en t ry  sec t ions  
of axisymmetr ical  and f la t  channels a t  subsonic s t r e a m  veloci t ies .  

I t  could be  assumed that the compress ib i l i ty  of the gas ,  and in  par t icu lar  
the heat t ransfer ,  would have a marked  influence on the aerodynamic 
cha rac t e r i s t i c s  of the channel - the P i to t  l o s s  coefficient, the length of 
the en t ry  sections,  etc. 

In this  paper we r epor t  the study of the nonisothermal flow of a viscous 
compressible  g a s  in  the en t ry  sec t ions  of ax i symmet r i ca l  and f la t  channels 
with z e r o  p r e s s u r e  grad ien t  a t  subsonic flow velocities, and within a wide 
range of values of the t empera tu re  factor .  

We  now analyze the nonisothermal flow of a viscous compress ib l e  gas 
within the en t ry  sec t ions  of expanding round and f la t  channels with a z e r o  
p r e s s u r e  gradient. T h e  following schemat i c  presentation of the flow would 
s e r v e  as a bas i s  of the above analysis.  

In  the en t ry  section of the channel, the velocity, temperature ,  Mach 
number,  and o ther  flow p a r a m e t e r s  a re  uniformly distributed across the 
channel. A s  the distance from the e n t r y  section of the channel i nc reases ,  
the effect of viscosity fo rces  on the channel wal l s  causes  a n  inc rease  in  
the boundary layer thickness while an  isoentropic flow core i s  c r ea t ed  
within the remaining p a r t  of the channel cross section, n e a r e r  the axis .  
If heat t r ans fe r  takes place, the l a s t  assumption impl ies  also that  i t  affects 
the velocity and t empera tu re  distributions only within the boundary layer. 
The s t a t i c  p r e s s u r e  across the boundary layer r e m a i n s  constant. The l a s t  
two assumptions lead to the conclusion that the velocity, temperature ,  Mach 
number,  and o ther  flow p a r a m e t e r s  r e m a i n  constant across the channel 
within the flow core. I t  is assumed that  the flow in  the boundary layer is 
turbulent. In  o r d e r  to  confirm th is  assumption, we shall analyze the 
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nonisothermal  flow of a viscous compress ib le  gas  in an expanding round 
channel with a z e r o  p r e s s u r e  gradient  a t  a constant wall t empera ture .  

The  problem will be solved by taking into account the effect of the 
l a t e ra l  sur face  curva ture  on the cha rac t e r i s t i c s  of the ax isymmetr ica l  
turbulent boundary layer .  A genera l  solution to the problem of the effect 
of lateral sur face  curva ture  on the cha rac t e r i s t i c s  of an ax isymmetr ica l  
turbulent layer  of compress ib le  g a s  has  been presented in 131. 

The  above method is applied below to the par t icu lar  case analyzed by 
u s ,  using the following approach. 

The  velocity profile in an ax isymmetr ica l  turbulent boundary layer is 
determined with the aid of the P rand t l  equation 

T = p 1' (duldy)?, (1) 

re la t ing the fr ic t ional  s t r e s s  to  the averaged velocity gradient  ( f  is the mixing 
path length). 

On the bas i s  of the motion equations and the boundary conditions on the 
wal ls  for  the longitudinal and l a t e ra l  velocity components, we can r ep resen t  
with an accuracy  down to the third decimal  point) the fr ic t ional  s t r e s s  nea r  
the sur face  by an equation of the type 

r T =const = rwT,. (2 )  

Here  and below we sha l l  a s sume  that for  any section of the channel, the 
tangent to i t s  genera t r ix  f o r m s  a ve ry  smal l  angle 8 with the channel axis ;  
this  assumption is supported by the calculation resu l t s .  Hence, i t  m a y  
be  assumed with grea t  accuracy  that 

cos@= 1 and r,-ycosO=r,-y. (3) 

In the vicinity of the sur face  (where  condition ( 2 )  is obeyed), i t  m a y  be 
assumed that the mixing path length is proportional to the distance f rom 
the wall 

1 = ky, 

where  k is an empir ica l  constant ( k  = 0.392). 
In o rde r  to  es tab l i sh  a relat ionship between the tempera ture  and the 

velocity, the energy  equation (with the respect ive boundary conditions) is 
wri t ten in t e r m s  of Crocco  var iab les  and is integrated for  condition (2).  

A s  a r e su l t  we obtain 

where  
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rg i s  the temperature  r ecove ry  coefficient (rZ3=0.88); the subscr ip t  m refers  
to  the conditions on the wall, 6 to  the conditions on the outer boundary of 
the boundary layer ,  0 to the stagnation in the outer  flow, and r to the 
conditions on the thermally insulated surface. 

By using the phase equation and the condition of constant p r e s s u r e  in the 
boundary layer ,  we obtain an equation for  the relationship between the 
density and velocity in the boundary layer :  

where 

By substituting (2 ) ,  ( 3 ) ,  and (5) in (1) and integrating across  the boundary 
layer ,  we obtain the f inal  equation fo r  the velocity profile 

where 

In o r d e r  to  der ive  the law of res i s tance ,  we introduce into our  ana lys i s  
the laminar  sublayer.  I t  i s  assumed that the thickness of the l amina r  
sublayer  depends on the fr ic t ional  s t r e s s  on the wall, on the va lues  of the 
density and v iscos i ty  over  the l amina r  l aye r  thickness and on the r ad ius  
of the channel cross section, i. e . ,  

E L  = kbw,Pav Pa", T u ) .  

Then,  on the bas i s  of the JI theorem of the  theory of dimensionality, w e  
obtain 

where  



Aa 

T h e  value of the t e r m  m p a v  in equation (7) is determined as follows: 

auBy using the Newton equation for  the fr ic t ional  s t r e s s  T =p -under 
aY 

condition (2 ) ,  we obtain the following equation (valid within the l amina r  
sublayer) : 

By substi tuting the expression f o r  dy in (7) and (8), and by assuming that 
the viscosi ty  coefficient p - T n ,  we obtain equations f o r  T~ and u, 

where  Re,=u,r,p,/p,; R =0.76, and the subscr ip t  1 refers to the values  in the 
en t ry  sect ion of the channel. 

T h e  values  of and 9, may be  determined by s imultaneous solution of 
equations (9) and (10). Because  of the s m a l l  thickness of the l amina r  sub-
layer with r e spec t  to the channel c ross -sec t ion  radius ,  we have 

e<l,and hence equation (10) may be greatly simplified yielding 

Equation (11) coincides with the equation f o r  iLin the case of a flat  
plate,  and hence we sha l l  a s s u m e  below that u i s  constant and h a s  a value 
of 12.5.  

By equating express ions  (10) and (6 )  f o r  y = 6 , ,  we der ive  the law of 
res i s tance ,  which may be  presented in the following form: 

where  

X (  /1+2B- A 2 - l +  -
B 11. 
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- 1 
u = l +  - v l + 2 B  In I

A 
q +  -E 1- In (fq): 

z 2 2 2  
6 &a;,= !F (l+T--); 

where  

In the c a s e  of 
even s impler :  

M, =O and T , T 6  =1(Aa  =O, B =O), the above equations become 

where  

T h e  impulse equation for  a round expanding channel with z e r o  p r e s s u r e  
gradient has  the f o r m  

or 


where  

it** = jG(l-4 (r,-y)dy = 

167 



T h e  physical meaning of 6 i s  the momentum area .  T h e  value of 
m a y  be  calculated by using the flow ra t e  eauation. In the case  of a round 
expanding channel with z e r o  p r e s s u r e  gradient ,  the flow r a t e  equation is 

or, in a dimensionless f o r m  

I-;2l a - 6"1-2-
r2 

where  

In the express ion  above, u:? is the displacement area. 
Thus,  the three  unknowns L, Tu,, and O:':3/r2, can be  determined f o r  given 

values of the p a r a m e t e r s  M,, T-IT, and Re, by using the differential equation 
(13) and equations (14), ( 1 5 ) ,  and (16) .  

In equation ( 1 3 ) ,  we m a y  leave the value of z as the unkown. A function 
z = z ( x / r l )  m a y  be derived by substituting in equation (13) the values iw( z )

0:;:8 

and - ( z )  f o r  given values of the pa rame te r s  M,, TWITsand Re,, and by
r: 

integrating 	(taking into account the fact  that at x = O  we have z = z,,). However,
e** 

s ince  the functions rw ( z )  and - ( z )  a r e  complicated and hence m a y  be 

expressed  onlybygraphs,  and 
r; 
the determination of the der ivat ive d:'(?)-

invol-Jes graphical differentiation, i t  i s  m o r e  convenient to use the value
*** 

of 	- as the independent variable. 
1: 

By integrating (13) over  O::::;:/r: (bear ing  in mind the condition that a t  
6":1 


x=O 	 -=O), we obtain 
r: 
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From the values of derived i n  this  way, we m a y  obtain the 

distribution of the remaining p a r a m e t e r s  along the channel axis ,  namely: 

-6 (-5) e':* x 

b 
from equation (2), -(;)from equation (16), and ;w (:) f r o m  

r: 
equation (15). 

= 7 -T, -= - -I t  is possible to  determine also the values of 
6" 1 ** 034: , et':* 
lw r, I ,  r,: r: ' 

the local coefficient of f r ic t ion 

and the local  heat t r ans fe r  coefficient 

where s is the Reynolds analogy coefficient equal to  131 :  

s =0.SSX-0.058~L. (20) 

T h e  determination of the P i to t  loss coefficient i s  of g rea t  importance in  
the investigation of flows in channels. We sha l l  der ive  below equations f o r  
the calculation of the P i to t  loss coefficients fo r  the flow of a viscous 
compressible  g a s  in  the en t ry  sec t ions  of f la t  and axisymmetr ical  channels 
both with and without heat t ransfer ,  provided that the P r a n d t l  number  fo r  
turbulent mixing i s  o ther  than unity. 

Since the total head i s  substantially nonuniform across the channel, 
some averaging law m u s t  be  used f o r  the determination of the Pi tot  loss 
coefficient. A s  in  the case of an incompressible  fluid /I/, we sha l l  
average the total head on the b a s i s  of the m a s s  flow ra te .  

In accordance with the above, we sha l l  define the P i to t  l o s s  coefficient 
as the r a t io  of the total head differences between the en t ry  and the given 
channel section (averaged on the b a s i s  of the m a s s  flow ra te )  to  the velocity 
head in the en t ry  section 

where  
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By substi tuting (22) and (23) i n  (21) and using the flow r a t e  equation 
we obtain the following expression f o r  F :  

On the b a s i s  of the above assumptions concerning the constancy of the 
s ta t ic  p r e s s u r e  a c r o s s  the boundary layer, and in the p re sence  of a n  
isoentropic flow core,  the polpol r a t i o  may be  presented as follows: 

where 

ussing- the above equation fo r  polpol. we obtain the f ina l  eauation fo r  the 
calculation of 5: 

In s o m e  cases, equation (26) may  be  somewhat simplified. For instance,  
a t  subsonic velocit ies in  the p re sence  of heat t ransfer ,  i t  a s s u m e s  the f o r m  

Equation (27) may be  simplified even fu r the r  in  the case of M =O. In 
this case: 

Equation (26) is g rea t ly  simplified a l s o  in the absence of heat  t r ans fe r ,  
assuming that Pr = Pr, = 1 (when To= Tal). For subsonic velocit ies i t  
a s s u m e s  the form 
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FIGURE 1. Changes in r,ln along the axis. 

a - axisymmetrical expanding channel with a zero pressure 
gradient a t  Re, = lo5 and Machnumbers 0; 0.5; and 1.0: 
-0; - - - 0.5; - - - 1.0; b - flat channel 
a t  Re,, = l o 5  and the same Mach numbers. 

I n  the case of an incompressible  fluid, equation (29 )  a s s u m e s  an even 
s i m p l e r  form / I /  

T h e  above equations w e r e  used to  calculate the cha rac t e r i s t i c s  of an  
ax i symmet r i ca l  expanding channel with z e r o  p r e s s u r e  gradient,  fo r  the 
following values of the flow parameters :  MI = 0; 0.5; 1 .0 ;  TWIT&= 0.2; 
1.0;  5.0; and Re, = lo5. T h e r e s u l t s  are  tabulated in Tab les  1-5. In  
a l l  c a s e s  d l=2r l .  

In analyzing the calculation r e su l t s ,  we notice that fo r  the above values 
of Re, and the temperature  fac tor  T,/Ta, a l l  cha rac t e r i s t i c s  except the Pi tot  
loss coefficient 5 are  virtually independent of the value of M (within the 
range of Mach numbers  studied), but a re  strongly affected by the tempera
tu re  f ac to r  TJT , .  Within the above range of Mach numbers ,  the value of 
changes as a function of M according to  the p (A,) law. Thus,  the value of 
E / P f A l )  i s  a l so  virtually independent of the Mach number (see F i g u r e  5). 

Check calculations made  by us show that the effect of the Mach number 
and the t empera tu re  fac tor  also r e m a i n  the same a t  o ther  values of Re,. 

T h e  above r e su l t  enables us  to suggest a method f o r  the determination 
of the var ious  cha rac t e r i s t i c s  of a round expanding channel, within the 
above r ange  of Mach numbers  and a t  different values of the t empera tu re  
factor .  

F o r  given va lues  of Re,  and the re la t ive  distance from the channel inlet 
x/rl,  we determine the respec t ive  cha rac t e r i s t i c s  f o r  an  incompressibJe 
fluid using the g raphs  f r o m  / 11. From the re  we take the values of 6/rw 
( the  l ines  showing the values of a,, are plotted on all the graphs).  

S ince  f o r  the above values of Re,  and the t empera tu re  fac tor  TWITS the  
cu rves  showing 6/rw as a function of x / r l  are virtually independent of the 
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Mach number (in other  words,  the maximum length of the en t ry  sect ion 
(.r/rl)m. is independent of M a t  the given R e ,  and T y I T b ) ,  the effect of the 
temperature  factor  on the respect ive cha rac t e r i s t i c s  could be determined 
with g rea t  accu racy  by l inear  interpolation between the values of the said 
cha rac t e r i s t i c s  for  var ious values of TJTa along the line 6/rw = const. 

-241 10 

FIGURE 2. Calculation of the entry 
section length for: 

a - an  axisymmetrical channel atr,/rl 
Re, = lo5 and a temperature factor of 
5.0, 1.0, 0.2; b - flat channel at 
Reh = io5  and the same values of 
TJT8 

Li I. 

FIGURE 3. Changes in  the local  friction re
sistance coefficient along the axis. 

a - axisymmetrical channel a t  Re, = lo5  
and temperature factor TWIT&values of 0.2, 
1.0, and 5.0; b - flat channel a t  Reh= lo5 
and the same values of T w / T s .  

T h e  velocity and t empera tu re  profiles,  a s  well a s  other boundary l aye r  
cha rac t e r i s t i c s  of a nonisothermal flow of a viscous compressible  gas  in 
the en t ry  section of a flat  expanding channel with z e r o  p r e s s u r e  gradient 
may  be calculated using the equation derived by finite transit ion of the 
respect ive equations for  the axisymmetr ical  c a s e  a t  r,+co. 

T h e  equations thus derived for  a f la t  expanding channel were  a l so  used 
for  the calculation of the cha rac t e r i s t i c s  of such a channel. 

I t  is of in te res t  to menticn that a l s o  in the case  of a flat  channel, all 
cha rac t e r i s t i c s  except f are pract ical ly  independent of the Mach number 
(within the Mach range studied) but a r e  strongly affected by the t empera tu re  
factor .  Also, within the Mach range studied, the value of 5 changes with 
M according to the p (A,) law, i. e. , t / p ( h ~ ) i svirtually independent of the 
Mach number (see F igure  5). 

On the bas i s  of the above s ta tements ,  we can suggest a method for  the 
determination of the cha rac t e r i s t i c s  of a flat expanding channel f o r  
different values of the temperature  factor ;  the method is analogous to the 
one outlined for  the c a s e  of an axisymmetr ical  expanding channel. 

The  above r e s u l t s  f o r  axisymmetr ical  and flat  expanding channels with 
z e r o  p r e s s u r e  gradient make  i t  possible to determine a l so  the 
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cha rac t e r i s t i c s  of annular expanding channels with z e r o  p r e s s u r e  gradient 
(except for  the en t ry  section length, which is determined on the bas i s  of 
the condition that the combined thickness of the boundary l a y e r s  on the 
convex and concave su r faces  must equal i t s  doubled hydraulic radius  
h-f , - f * ) .  

FIGURE 4. Changes in the local heat transfer FIGURE 5.  Changes in E / p  (A,) along the 
coefficient along the  axis. axis. 

a - axisymmetrical channel a t  Re, = 10’ and a - axisymmetrical channel a t  R e r =  lo5 
temperature factor T,/Tg = 0.2, 1.0,5.0; and temperature factor TJTd = 0.2, 1.0, 
b - f la t  channel a t  Reh = lo5 and the Same 5.0; b - flat channel a t  the same values 
values Of T w / T 6 .  of T J T &  

If the doubled hydraulic radius  is taken a s  the charac te r i s t ic  l inear  
dimension of the annular channel, this would be equal to the radius  r,in the 
c a s e  of a round channel, and to the channel height h in the c a s e  of a f la t  

Xchannel. Curves for  the function 5=g(-i;) a t  R e h  = lo5 a r e  shown in F igu re  

6 for  axisymmetr ical  and flat  channels. 

04 


FIGURE 6. Plots of t against ($1 for axip ( h )  
symmetrical and flat channels a t  Reh = 10’. 
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A s  is evident f r o m  the f igure,  the curves  for  the round and flat channels 
lie c lose  to  each  other. A s i m i l a r  agreement  i s  a l s o  observed f o r  the 
other  channel charac te r i s t ics .  

However, i t  should be  noted that the problem of a slightly expanding 
annular channel with z e r o  p r e s s u r e  gradient is not unambiguous, s ince  the 
c r o s s  sect ion may be  expanded e i ther  by  increas ing  the r ad ius  of the outer  
concave sur face ,  by  reducing the rad ius  of the inner  convex sur face ,  o r  
by the combined effect of both the above fac tors .  
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P. N.  Romanenko and N. V. Krylova 

E F F E C T  O F  THE ENTRY CONDITIONS ON THE 
HEAT TRANSFER IN THE ENTRY SECTION OF 
A TUBE WITH TURBULENT AIR FLOW 

T h e  knowledge of averaged (over  the surface)  values of the heat t r a n s f e r  
coefficient alone is insufficient f o r  the effective use of heat t r ans fe r  
su r f aces  for  the determination of the maximum temperature  points, and 
for  solving the problem of the rel iabi l i ty  of heat t r ans fe r  equipment with 
relat ively sho r t  tubes; all these r e q u i r e  the availability of data on the 
distribution of local  heat t r ans fe r  coefficients over  the surface.  

In the c a s e  of a laminar  boundary layer  in the en t ry  section of a tube, 
the heat t r ans fe r  problem may  be solved by known analyt ical  methods. 
The  extremely complex nature  of the mechanism of turbulent flow makes  
i t  impossible to obtain rel iable  heat t r ans fe r  data on the bas i s  of a 
theoretical  analysis  in the c a s e  of a turbulent boundary layer.  

Local values of the heat t ransfer  coefficient in the en t ry  section of a 
tube a r e  determined by the development of the the rma l  and dynamic 
boundary layers .  For  given values of the flow p a r a m e t e r s  a t  the inlet of 
the tube, the development of the boundary l a y e r s  in the en t ry  section 
depends on the boundary conditions on the tube wall  and on the outer 
boundary of the boundary layer.  The  conditions on the wall  a r e  determined 
by the law of wall  temperature  changes and by the heat load distribution. 
T h e  conditions on the outer boundary of the boundary l aye r  depend mainly 
on the pattern of change of the potential flow velocity ove r  the longitudinal 
coordinate,  which i s  determined by the boundary conditions on the wall and 
by the intensity of the heat load. 

In many cases ,  the flow a t  the tube inlet  i s  e i ther  disturbed by the inlet 
edge of the tube, o r  e l se  i t  has  a definite velocity profile,  this depending 
on the conditions a t  the tube inlet. T h e s e  pecul iar i t ies  in the development 
of the heat t r ans fe r  p rocess  a t  the en t ry  section of a tube give r i s e  to the 
difficulties encountered in attempting to der ive general  r u l e s  for  local heat 
t r ans fe r  coefficients. The dimensionless equations derived through 
generalization of experimental  data by the conventional methods of the 
theory of s imi l a r i t y  have l imited application, s ince for  flow s imi l a r i t y  
in the en t ry  section, i t  is n e c e s s a r y  to have both s i m i l a r  boundary conditions 
a t  the tube inlet  and s i m i l a r  values of an additional dimensionless number 
character iz ing the heat flux intensity. T h e  need to account for  the 
simultaneous effect of s e v e r a l  dimensionless numbers  on the heat t r ans fe r  
causes  technical difficulties in the dimensionless  processing of experimental  
data  f o r  the en t ry  section. In some  cases ,  adequate selection of exponents 
for  the dimensionless s imi la r i ty  numbers  makes  i t  possible to group the 
experimental  data  around a single curve.  However, i t  is never  cer ta in  
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whether the effect of each sepa ra t e  number has  been accounted for ,  and 
whether mutual compensation of the effects of s eve ra l  dimensionless 
numbers  has  been eliminated. 

Experimental  s tudies  of the effect of entry conditions on the heat 
t ransfer  in the en t ry  section of a tube, with generalization of the experi
mental  data in the f o r m  of dimensionless equations, have been c a r r i e d  out 
in 11-31. The  authors  of the above pape r s  have discussed the heat  t r ans fe r  
and friction in the flow of a heated fluid in a s t ra ight  tube with a smooth,  
tapered-edge inlet, a s  well  as with a smooth deflection a t  an angle of 90" 
111; experimental  data are provided on the heat t ransfer  in the en t ry  
section of a tube with smooth inlet, s h a r p  edge, and a hydrodynamic 
stabil ization section, in the case  of turbulent water  flow 1 2 1 ;  the investiga
tion of the heat t r ans fe r  in the e n t r y  section of a tube with air flow and under 
two inlet conditions (contraction, and a prel iminary hydraulic stabil ization 
section) is descr ibed / 31.  T h e  measu red  data for  the contraction inlet  
were  insufficient for  the establ ishment  of any general  laws. 

All the above pape r s  a r e  character ized by a common flaw, namely, the 
narrow range of values of the Reynolds number ( R e ~ < 6  lo4)encompassed by 
the experiments.  Developed turbulent flow in the en t ry  section could 
hardly be expected a t  low Re,. T h e  authors  of / 21  note that in the en t ry  
section of a tube with smooth inlet, a laminar  boundary l aye r  was observed 
at  Re, values up to 5 .  lo4 .  Transi t ional  flow conditions were  observed 
simultaneously with the l amina r  flow. Because of the difficulties in the 
dimensionless processing of experimental  data by the conventional methods 
of the theory of s imilar i ty ,  the authors  of the above pape r s  were  unable to 
der ive general  laws taking into account the effect of the en t ry  condition on 
the heat t ransfer  in the en t ry  section. Some data on the above problem m a y  
be found in 14-71. Our investigation w a s  based on the fact  that vir tual ly  no 
studies have been made on the effect of entry conditions on the heat t r ans fe r  
in the en t ry  section, while the available dimensionless equations general iz
ing the experimental  data for  s epa ra t e  en t ry  conditions a r e  ve ry  sca rce .  
The  investigation procedure was based on the theory of local modeling, the 
basic  principles of which have been established by Ievlev 9,101, and 
developed by Leont 'ev / 11, 121. According to the above theory,  the heat 
t ransfer  and friction coefficients m a y  be determined f r o m  the integral  
equations for  motion and energy, provided that the generalization of the 
experimental  data has  es tabl ished the general  laws f o r  the friction and heat 
t ransfer  in the turbulent boundary layer.  The  gene ra l  laws for  heat 
t ransfer  and friction in the boundary layer  a r e  descr ihed by empi r i ca l  
equations showing the relationship between the local  values  of the friction 
coefficient and the Reynolds number for  the momentum thickness Re,, 
on the one hand, and the heat t r a n s f e r  coefficient and Reynolds number for  
the energy loss  thickness Re, on the other hand. At supersonic  flow 
velocit ies,  in the c a s e  of fluid flow under injection or evacuation of t h e m a s s ,  
and in the presence of other  disturbing factors ,  the friction and heat 
t r ans fe r  equations compr i se  additional t e r m s  accounting for  the effect of 
these fac tors  on the friction and heat t ransfer .  

T h e  integral  energy equation f o r  the boundary layer m a y  be wri t ten a s  
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Equation (1) yields the following equation for  the determination of the 
Reynolds number for  the range of subsonic gas-flow velocities: 

Within the en t ry  section of the tube, the t empera tu re  in the potential-
flow c o r e  r ema ins  constant and is equal to the temperature  of the fluid a t  
the tube inlet. Hence, the measu red  heat fluxes on the wal ls  9w may be 
used to calculate the values of R e +  a t  any control c r o s s  section of the en t ry  
section, and f rom there  to determine the distribution of Re,  ove r  the en t ry  
section length. In addition to the heat flux, i t  is necessa ry  to determine the 
wall  temperature .  The gas  p a r a m e t e r s  within the flow co re  (which must  
be known in o r d e r  to calculate the local St  numbers)  may  be determined by 
using gas-dynamics functions, and the data obtained in measuring the flow 
braking p a r a m e t e r s  and the s ta t ic  p r e s s u r e  distribution over the tube length. 

T h e  experimental  setup used to study the effect of en t ry  conditions on the 
heat  t ransfer  in the en t ry  section of the tube consisted of an aerodynamic 
tube ( for  intermit tent  action) with detachable nozzles and experimental  
sections.  The  setup comprised, in addition, an a i r  compresso r  (2R-41220) 
with an output of 0 .5nm3/sec,  a r ece ive r  with 120 oxygen cyl inders  of the 
A-40 type, a 300 kw e lec t r ic  heater ,  an ejector ,  an oil  s epa ra to r ,  f i l t e r s  
f o r  the r emova l  of oil and dust f r o m  the air, and measuring instruments .  
An 1100 kg r e s e r v e  of a i r  could be accumulated using the r ece ive r ,  and 
thus, a t  a flow r a t e  of 0 .5kgIsec the experimental  t ime was about 35min. 

The  experimental  section was made  of a copper tube 1 5 m  long and 
0.0471 0.05 m in diameter.  The  experimental  section was surrounded by a 
jacket,  and cooling water  f rom a p r e s s u r e  ves se l  was passed through the 
space between the tube wall and this jacket. T h e  jacket was divided into 
15 compartments  over the section length with independent coolant supply to each 
compartment.  The flow r a t e  of water  through the section w a s  constant. 
T h e  heating of the water  in the compartments  was measu red  with 
differential  thermocouples.  

T h e  following pa rame te r s  were  measu red  during the experiment: the 
distribution of the s ta t ic  p r e s s u r e  and the wall  t empera tu re  ove r  the tube 
length, the flow r a t e  of the cooling water  and the t empera tu re  gradient 
between the water  in each compartment,  the airstream braking p a r a m e t e r s  
at  the en t ry  of the working section, the t empera tu re  and dynamic head 
distribution in the potential flow core,  and in  the boundary layer ,  the 
p r e s s u r e  drop in the measu r ing  diaphragm. T h e  dynamic head was 
measu red  using pneumometric microtubes connected to differential  
manomete r s  filled with ethanol or mercury .  T h e  s ta t ic  p r e s s u r e  was 
measu red  with extraction tubes, which w e r e  introduced into the experi
mental  tube through the wall. In those compartments  in  which we measu red  
the dynamic head distribution, the extraction tubes were  placed on the 
planes of the Pi tot  tube tips. The  other  ends of the s t a t i c -p res su re  
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measur ing  tubes w e r e  connected to differential manometers ,  which had 
their  second tubes open to the atmosphere.  The  ba romet r i c  p r e s s u r e  was  
m eas ured with aneroid ba romete r s .  

The  s t r e a m  temperature  in the control c r o s s  sect ions of the experimental  
section was measu red  with movable chromel-alumel  thermocouples which 
(l ike the Pi tot  tubes) were  positioned within the s t r e a m  by means  of a 
coordinating device. The  construction of the experimental  setup and the 
working section have been described in m o r e  detail  in 113,141. 

On the b a s i s  of the measu red  s ta t ic  p re s su re ,  wall temperature ,  and 
t empera tu re  inc rease  of the cooling water in the compartments ,  we plotted 
graphs f o r  the changes in the s ta t ic  p r e s s u r e  p ,  the wall  t empera tu re  T,,,, 
and the temperature  of the coolant in the compartments  over  the tube 
length. T h e  graphs were  then used to calculate the local  values of the heat 
flux 9 - ,  the St number,  and the Re,  number. T h e  thermodynamic a i r  
t empera tu re  was calculated using aerodynamic functions, with the aid of 
the equation 

T =  	 T" 
0.040551'r ' 

I t c p ( 1  -0.16671*) 

where r is the t empera tu re  r ecove ry  coefficient (its value was assumed to 
be 0.88) ,  and is the velocity coefficient. 

The  heat flux on the wall qY was determined from the heat balance f o r  
the cooling water  in each compartment 

where G is the flow r a t e  of the cooling water ,  kg/ hr;  At is the inc rease  in 
the water  temperature ,  deg; F i s  the heat- t ransfer  area, m2; and c p  is 
the i soba r i c  heat capacity of the water  a t  i t s  mean temperature  in the 
section, j /  kg deg. 

We c a r r i e d  out 80 experiments  and processed the data  obtained in 
56 of them. The  experiments  were  ca r r i ed  out with en t ry  elements  
of the following types: nozzle section with t ape r s  of 30, 45, and 
60'; sudden contraction ( s h a r p  edge) a t  Dinler /D = 4.3 (where Dinlet and D 
a r e  the inner  d i ame te r s  of the tube before the section and in the working 
section);  smooth entry; prel iminary hydrodynamic stabil ization section 
with a length of 40 diameters ;  sudden expansion with Dlnlet/D = 0.5. The  
experiments  extended over  a Re,  range of f rom 5 * IO4 to 8.7 lo5 with air 
t empera tu res  f r o m  470 to 650°K. T h e  flow velocity of the air a t  the en t ry  
to the working section ranged f rom 30 to 300m/sec ,  and the wall  tempera
ture  in the different experiments  ranged from 300 to 335°K. A constant 
wall  t empera tu re  was maintained throughout each experiment corresponding 
to a given s e t  of conditions. 

T h e  experimental  section was heated before the s t a r t  of the experiment.  
It was assumed that s teady-state  conditions had been established when the 
fluctuations in the flow stagnation temperature  did not exceed rt 0.5". 

The  experimental  data f o r  the different en t ry  condition to the tube were  
processed in t e r m s  of the S t  number a s  a function of Re,.  The  values of 
these numbers  w e r e  determined by means  of equations (3) and (4),  af ter  
the determination of the heat flux 9- f rom equation (6).  
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The  r e s u l t s  obtained in the processing of the experimental  data are shown 
in F i g u r e  1, on which there  a r e  s t ra ight  l ines  approximating the positions 
of the experimental  points. T h e  points lie round the respect ive l ines with 
a dispers ion of f 10 70. 

22 24 16 28 30 32 34 26 38 W LgRCv 

FIGURE 1. Dependence of the local Stanton number (St) on the local Reynolds number 
(Re,). 

1- smooth enuy; 2 - preliminary hydrodynamic stabilization section: 3 , 4 , 5  -
nozzle entry sections with t a p e s  of 30, 45. and 60'. respectively: 6 -
sharp edge. 

F i g u r e  1 shows that the smooth en t ry  affects the heat t ransfer  least .  
The  heat t r a n s f e r  pat tern in  the en t ry  section of the tube with prel iminary 
hydrodynamic stabil ization section is almost  identical  with the heat t ransfer  
pattern in the case  of a smooth entry,  i. e . ,  in the c a s e  of simultaneous 
growth of the the rma l  and dynamic boundary layers .  Evidently, this could 
be attr ibuted to the high degree of filling of the velocity and temperature  
profiles in the las t  case.  

The  contraction angle of contracted en t ry  sect ions a l so  affects the heat 
t ransfer  in the en t ry  section of the tube. T h e  heat t r ans fe r  i nc reases  with 
increasing taper ,  and r eaches  a maximum in the case  of a s h a r p  
edge. As the taper  is reduced, the heat t r ans fe r  r a t e  approaches 
that in the case  of a smooth entry.  Approximate equations describing the 
heat t r ans fe r  in the c a s e s  shown in F i g u r e  1 a r e  presented below. 

In the case  of a smooth en t ry  S t  = 0.009 Re;'.'; in the presence of a 
hydrodynamic stabil ization section S t =  0.01 Re;' *'. 

In the case  of a nozzle en t ry  with a t ape r  a = 30", St = 0.0153 Repo263;  
aa= 45", St = 0.0198 R e v o Z B 5 ;  = 60° ,  St = 0.0252 Re;030fi. In the case  of 

a sudden contraction ( s h a r p  edge) a =  180°, St = 0.116 
T h e  data in F i g u r e  1 show a lso  that a t  Reynolds numbers  of the o r d e r  

of Re,,.=:104, the cu rves  showing S t  as a function of Re, for  any en t ry  
condition coincide with the respect ive curve for  a smooth entry. In view 
of the above experimental  observation, the effect of the taper  
( in  the nozzle entry) on the heat t r ans fe r  in the en t ry  section of the 
tube could be descr ibed by the equation 

where St' and Re,,, are the Stanton and Reynolds numbers  for  which the 
cu rves  St = / ( R e , )  for  the different en t ry  conditions in te rsec t  with the 
respect ive curve for  a smooth entry.  
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The  dependence of m on the taper  a is shown in F igure  2 .  It 
is evident that the experimental  points l ie  on a s t ra ight  line descr ibed by 
the equation 

m =0.22 + 0.00144~~. (8) 

In exper iments  with a sudden expansion of the flow at the en t ry  to the 
tube, there  was  a cer ta in  dec rease  in the heat flux near  the en t ry  c r o s s  
section, but an inc rease  in the heat t ransfer  r a t e  was  observed af terward.  
Th i s  m a y  be attributed to  the fact  that an eddying zone with a smal l ,  low-
velocity r e v e r s e  flow of air is crea ted  in the immediate  vicinity of the 
en t ry  to the tube in the case  of a sudden expansion of the flow. The  problem 
of heat t r ans fe r  calculations fo r  the region where  macroscopic  eddies  
prevai l  should be the subject of a separa te  study. 

Using equations ( 7 )  and ( 8 ) ,  i t  is possible to determine the length of the 
thermal  stabilization section, i. e . ,  the distance between the en t ry  c r o s s  
section and the c r o s s  section at which the thermal  boundary layer  r eaches  
the ax is  of the tube. The  values  of Re, at the end of the en t ry  section, 
calculated f r o m  the flow conditions for  thermal  stabilization and f rom the 
s teady-state  flow, must  coincide. 

FIGURE 2. Dependence of the exponent of the Reynolds number 
for the energy loss thickness (in the case of heat transfer in  the 
entry section of a tube) on the taper of the nozzle entry. 

The  empir ica l  equations descr ibing the relationship between St  and Re, 
f o r  different en t ry  conditions (of the flow into the tube) and the integral  
energy equation for the boundary l aye r  m a y  be used to der ive a calculation 
method fo r  the heat t ransfer  in the en t ry  section. In view of the fact that 
the changes in the potential flow velocity over  the longitudinal coordinate 
areunknown(for  the internal  problem),  i t  is necessa ry  to  u s e  an additional 
equation fo r  the total flow r a t e  of the gas  in the tube c r o s s  sections. Th i s  
means  that the calculations of the thermal  boundary layer should be made  
in conjunction with calculations of the dynamic boundary layer .  

We wr i te  the continuity equation in the following form: 

G =  / 2trpudr  (9) 

or  

p , u , = p u  (1-2;). 
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where it1 and p1 a r e  the velocity and density of the flow a t  the tube entry; 

= (1-5,)(1-5)dy i s  the dynamic displacement thickness. 

I t  has been shown /11/ that at  subsonic flow velocities, the continuity 
equation may be presented in the following form: 

Re, = Re,, + 5.2 T, He,, (11) 

where 

Equation (11) desc r ibes  the relationship between the thermal  and 
geometr ic  effects in the en t ry  section of the tube. 

T h e  calculation of the heat t ransfer  in the en t ry  section of the tube is 
thus reduced to the solution of the system of th ree  equations ( I ) ,  (7 ) ,  and 
(11). Taking into account equations (7 )  and ( I l ) ,  equation (1) takes another 
form: 

Re "'d R e ,  +Re, d (Ta -Tw ) = (Re,, +5.2 TwRe,) St' 2
dK ( T ,  - T , ) d x  Re; 

When the temperature  factor  Tur ema ins  constant over the tube length, we 
obtain 

-ReztRe, =d x .  
St' Re,", (Re,,-+5.2Fw Re,) 

Integration of equation (13) yields 

Re, 


An expression f o r  the integral  in equation (14) for  the c a s e  of a smooth 
entry of the gas  into the tube has  been given in the l i t e ra ture  / I l l .  

Using equation (14),  i t  i s  possible to calculate the changes in the local  
values of Req  over the length of the en t ry  section of the tube. F r o m  these 
values of Re,, i t  is possible to calculate the respect ive values of the 
Stanton number,  by using equation (7) .  

The  general  solution of the energy equation (1) may be presented a s  a 
se r ies .  

Taking into account equations (7)  and (1I ) ,  we can wri te  equation (1) in 
the following form: 

where 

A =St'Re;, Re,,; B = 5.2Tw StlReg,. 
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FIGURE 3. Dependence of St pw5on Re, for the entry section of the tube. 

1 and 2 - data of the authors for a nozzle entry with a = 6O'and for a 
sharp edge; 3 - data of Lel'chuk and Dedyakin / 5 / ;  I - heat transfer law for 
a turbulent boundary layer /12/. 

F r o m  equation (15) we obtain 

The  in tegra l  in equation (16) is expressed  by the series 

The  series (17) converges rapidly a t  Re, < -A .
B 

O u r  experimental  data on the heat t r ans fe r  in the en t ry  section of a tube 
( for  var ious en t ry  conditions) are compared in F igu re  3 with the experi
menta l  data of 1 5 1  and the theoret ical  curve of 121; a sat isfactory 
agreement  is observed. 

C o n c l u s i o n s  

1) New experimental  data have been collected on the effect of the en t ry  
conditions on the heat t r ans fe r  in the en t ry  section of a cooled tube during 
turbulent flow of hot air. 

2) Generalization of the experimental  data on the bas i s  of the local  
modeling theory makes  i t  possible to  suggest a method fo r  the calculation 
of the local  heat t r ans fe r  coefficients in the en t ry  section, taking into 
account the en t ry  conditions. 

3) The  data  requi red  fo r  heat t r ans fe r  calculations by the above method 
have been collected. 

4) Our  experimental  data  are in  good agreement  with the data  of other  
invest igators .  
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IV .  	 STUDIES OF THE INTENSIFICATION OF 
CONVECTIVE HEA T TRANSFER PROCESSES 

A.V. Ivanova 

INTENSIFICATION O F  THE HEAT TRANSFER 
IN AN AIR-COOLED ROUND TUBE 

The  s imples t  and mos t  effect ive method of increasing the heat t ransfer  
r a t e  is by increasing the velocity of the s t r e a m  in contact with the convective 
heating surface.  In smal l -d iameter  tubes, such an inc rease  in velocity m a y  
be achieved by impart ing a sp i r a l  movement  to  the s t r eam.  

In the investigation repor ted  here ,  the s t r e a m  was swir led by means  of 
blade swi r l e r s ,  which were  mounted d i rec t ly  a t  the inlet to  the tube. Since 
an inc rease  in the heat t ransfer  r a t e  r equ i r e s  power not only fo r  the pumping 
of the heat t ransfer  medium through the tube but a l so  for  overcoming the 
res i s tance  of the swi r l e r s ,  we determined the mos t  advantageous profile 
and number of blades for  each  given swir l ing angle. I-

In this paper ,  we present  the r e su l t s  of experiments  using four  swi r l e r s ,  
with angles $ = 20, 35, 65, and 75". 

The  experimental  setup used in the investigations is shown in F igu re  1. 
The  main pa r t  in the setup was a s t ee l  (lKh18N9T) tube with a constant 

heat supply over  i t s  length ( th i s  was  accomplished by changing the ex terna l  
d iameter  while the in te rna l  d iameter  remained  constant). The  tube was  
heated by passing an al ternat ing cu r ren t  f rom a low-voltage power t rans
f o r m e r  (OSU-80/05). 

Heat outflow at the ends and heat l o s ses  to  the surrounding medium w e r e  
eliminated by using inlet and outlet s leeves  of a special  design, and a 
compensating thermal  jacket  surrounding the tube. Hence, all the heat 
evolved f rom the tube w a s  t r ans fe r r ed  to the air flowing within the tube. 
In near ly  all experiments ,  l o s ses  not accounted fo r  did not exceed 1%. 

The  tube wall t empera ture  was measu red  with chromel-alumel  thermo
couples ( d  = 0.5") with the aid of a PP- type  potentiometer. The  inlet 
and outlet air tempera tures  were  taken as the average of five measu remen t s  
made  with thermocouples fitted in the inlet and outlet s leeves  respectively. 
The  emf was  measu red  with a PPTV-1 potentiometer. 

The  s ta t ic  p r e s s u r e  was  measu red  with a s tandard manometer ,  while 
the p r e s s u r e  drop over  the tube length was  measured  with a differential 
manometer  filled with te t rabromoethane or  mercury .  

All  experiments  were  ca r r i ed  out under the s a m e  conditions: air 
tempera ture  a t  the inlet f i n =  283-293°K and tempera ture  of the inner  tube 
sur face  fCmax= 973°K. 

The  swirlers were computed and designed by V. F. Naryshkin and A. D. Goflin, assistants at  the TsKTI 
Laboratory of Turbine Compressors. 
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FIGURE 1. Schematic circuit of the experimental setup. 

1- inlet sleeve; 2 - outlet sleeve; 3 - shut-off valve; 4 - thermoscats; 5 - thermocouple 
switches; 6 -differential manometers; I - resistance box; 8 - measuring diaphragm; 9 -
power transformer OSU-80/5; 10 - current transformer U’IT-6; 11 - autotransformer 
AOMK-100/05;  12-reduction valves for air; 13 - blade-type swirler. 

FIGURE 2. Distribution of the wall and stream temperatures over 
the tube length. 

I -without swirling of the flow. 
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The  experimental  data  on the local  heat t ransfer  and r e s i s t ance  
coefficients were  processed  in the fo rm of the functions 

Nuf = f (Rein) ,  

C = f (Rein) 

and are plotted as graphs.  In addition, empir ica l  equations are given fo r  
calculating the local  heat t r ans fe r  coefficients over  the tube length. 

FIGURE 3. The function Nusf =I(Rein) for 
different inlet swirlers at / c  max =700eC and 
1 in k 20°C. 

U 20 40 60 80 x/d 

FIGURE 4. Attenuation of the heat transfer over the 
[tube] length with different swirlen. 

a -Rein = 100,000; b -300,000; the continuous 
line represents data calculated with the aid of 
equations. 

In view of the fact  that i t  is almost  impossible  to  de te rmine  the actual  
speed of the swir led s t r e a m  washing the heat t r ans fe r  surface,  the Reynolds 
number was  calculated f rom the flow r a t e  (weight units) and the air 
tempera ture  a t  the tube inlet, using the equation 
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T h e  values of the physical constants in  the Po f  and Nu[ numbers  w e r e  
det e r m  ined from the s t r e a m  temperature .  

T h e  changes in  the t empera tu re  of the inner  wall sur face  and in the 
s t r e a m  t empera tu re  over  the tube length are shown in i ' igure 2. A s  is 
evident f rom the figure, the i n c r e a s e  in the velocity of the a i r  in contact 
with the wall (caused by the helical  motion of the  s t r e a m )  r educes  the wall 
t empera tu re  and inc reases  the s t r e a m  tempera ture ;  these  e f fec ts  become 
more pronounced as the s t r e a m  swir l ing  angle i s  increased ,  and this causes 
a proportional i nc rease  in  the heat t r ans fe r  coefficient a t  a constant a i r  
flow ra te .  

T h e  function N u s f  =/(Rei,,)for s eve ra l  values of If_ i s  shown in F igu re  3,
d 

using translated ordinates.  F o r  the purpose of comparison, the figure also 
shows cu rves  corresponding to the heat t r ans fe r  in a smooth tube with s h a r p  
entry.  Since the experimental  Pr, number remained nea r ly  constant, the  
numerical  value of Prt4is comprised in  the t e r m  for the proportionali ty 
coefficient. 

A s  r e g a r d s  the intensification of the heat t ransfer ,  the effectiveness of 
the s w i r l e r s  m a y  b e  judged f r o m  F igure  4,  which i s  a graphical presentation 
of the function 

fo r  different swir l ing  angles and two values of Re,". 
A s  i s  evident f r o m  the cu rves  in F i g u r e s  3 and 4, the inc rease  i n  the heat 

t r ans fe r  r a t e  caused by the helical  motion i s  maintained and even inc reases  with 
increas ing  R e  i n ,  i. e. , during developed turbulent flow. T h e  s a m e  re su l t s  
w e r e  repor ted  by o ther  au thors  1 1 - 2 1 ,  who found that the inc rease  in  the 
heat t r ans fe r  r a t e  becomes more pronounced as the Reynolds number is 
increased .  

B y  processing a l a rge  amount of graphica l  mater ia l ,  we derived 
equations f o r  the determination of the local  heat t r ans fe r  in  the c a s e  of a 
swir l ing  flow c rea t ed  by blade- type swi r l e r s :  

H e r e  A = 0.043 (Re,,  . 10-5)0. 'J6tpp.68cha rac t e r i zes  the maximum value of 

%for the given swir l ing  angle II,and flow r a t e  Rei,, while 
NUS,  

where  Y is the distance f r o m  the e n t r y  t o  the tube and (:) is there la t ive  
max 

distance f r o m  the en t ry  f o r  which the local heat t r ans fe r  ( a t  given J, and 
Rei,) h a s  a maximum 

= 42.7 (Re,,. 10-6)0.'7J,-o'21. 
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T h e  	absolute value of the t e r m  a in  the exponent of e depends on Rei,, cp. 
X

and -
d 

and m a y  be determined by using the equation 

u = -0.21 -0.09. 10ARein -0.075~+0.011$. 

T h e  data on the local heat t r ans fe r  calculated by means  of the above 
equations are in good agreement  with the experimental  data. 

F o r  the maximum in heat t ransfer ,  the discrepancy between experimental  
and calculated values did not exceed 2%. The  discrepancy between Nu,.,, 

and calculated Nu for any other 
d 

was within * 570,  which corresponds to 

the accuracy of the experiments.  

10’ 2 3 Y 5 7 /I” 2 3 4 R E  

7 

F I G U R E  5. Local resistance coefficients. 

resistance coefficients of the swirling flow (1- E = 
.I56 2 - 5 = 0.153 3 - E = 0.189 Re;’.’’;
E = 0.347 5 - 5 = 0.0032 + 0.221 
5 = 0.316 b - resistance of a sharp entry and 

swirlers (I,11,111,I V  -9 = 20,35, 65,75’, respectively); c -
changes in the local resistance coefficients over the tube length
( E =  f ( w / d ) ;  Rein = 100.000). 
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The  creat ion of a swir l ing flow is associated with a noticeable increase  
in the hydraulic res is tance.  F igu re  5 shows the curves  for  the hydraulic 
res i s tance  coefficient (of the tube) during adiabatic discharge at different s w i r l 
ing angles  of the s t r eam,  as well as the res i s tance  coefficients of the swir le rs .  

The  res i s tance  coefficients fo r  the flow in the presence  of heat t ransfer  
are in good agreement  with the above equations, a f te r  introduction of a 
tempera ture  fac tor  in the fo rm (2)-. 

The  local  res i s tance  coefficients plotted in Figure 5 show that both the 
res i s tance  coefficients and the heat t ransfer  coefficients decrease  as the 

X
swir l ing is ceased,  and a t  a dis tance of -% 100, their  values coincide

d 
(within 10%) with the values of { and a fo r  a smooth tube. 

In o rde r  to es tabl ish the optimum swir l ing angle, we compared the effective
n e s s  of s w i r l e r s  a t  different angles. As  a measu re  of the effectiveness, 
we used the energy  coefficient of Kirpichev as modified by Antuf'ev: 

where AN0 is the energy needed to overcome the res i s tance  ( p e r  hour) in 
t e r m s  of thermal  units. The  power needed was determined by taking into 
account the res i s tance  of the blade s w i r l e r s .  

The  average values of the heat t ransfer  coefficient R obtained at a given 
power consumption fo r  the pumping of the heat t ransfer  fluid ( a t  a relat ive 

tube length x=100) are as follows: a t  9 = 0, 20, 35, 65, and 75", R = 325,
d 

334, 353, 379, and 394 w/m2 .  deg, respectively. 
The  above data show that for  a given power consumption, an increase  in 

the swir l ing angle (within the range  given above) improves  the economic 
performance of the setup. 

Thus,  i t  m a y  be seen  f rom the above that a swir l ing flow causes a 
noticeable inc rease  in the heat t ransfer  r a t e  due to the increased  velocity 
of the s t r e a m  in contact with the heat t r ans fe r  surface,  and that s w i r l e r s  
of the above type can be used successful ly  in the case  of smal l -d iameter  
tubes o r  a close packing of the tubes in a system. T h e i r  chief advantage 
is that they fit within the tube diameter .  
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E . K .  K a r a s e v  

INVESTIGATION OF THE HYDRODYN_%MICS 
AND HEAT TRANSFER IN A CH.%NNEL 
WITH TURBULIZERS ON THE HEAT 
TRANSFER SURFACE 

Recent s tud ies  in the USSR and abroad have shown that tu rbul izers  (in 
the fo rm of protuberances o r  pits) may  be used to inc rease  the hea t  t r ans fe r  
ra te .  

However,  the published papers  deal mainly with the mean values of the 
heat t r ans fe r  and hydraulic res i s tance .  T h i s  i s  attr ibuted to  the fact  that 
sma l l - s i ze  mode l s  (which do not allow fo r  an accu ra t e  investigation of the 
local  s t ruc tu res  of the s t r e a m  and the temperature  field) w e r e  used in  the 
experiments  . 

In addition, o u r  investigations have shown that the local  conditions in 
the heat t r ans fe r  on the sur face  between the f ins  i s  a function of the 
coordinates. Hence, as a resu l t  of heat flow along the wall, the heat 
t r ans fe r  coefficient depends on the wall mater ia l ,  wall  thickness, and the 
na ture  of the heating ( fo r  instance,  G r a s s  / 1 /  has  found that the heat 
t r ans fe r  f r o m  copper  and aluminum su r faces  i s  higher by 3 0 %  than f r o m  a 
s t ee l  surface). At  the same time, a knowledge of the local  heat t r ans fe r  
conditions is required f o r  equipment operating a t  high heat loads. 

Most au thors  did not take into account the effect of the fin width on the 
hydrodynamics and heat t ransfer ,  and the main  s tudies  w e r e  c a r r i e d  out 
with fin width-to-height r a t io s  in the range O<b/h,<l. 

Wieghardt ' s  da ta  / 2 /  f o r  a single fin indicate that the hydraulic 
r e s i s t ance  r e m a i n s  constant fo r  O<blh,<l, while i t  d e c r e a s e s  by a fac tor  of 
1.5-2 when blh changes in  the range between 1 and 4. T h e  effect of the 
above fac tor  on the heat t r ans fe r  has  not been the subject of spec ia l  study, 

We  studied in  ou r  investigation the effect of rec tangular  tu rbul izers  
with different h f h  and slh r a t io s  on the hydraulic res i s tance ,  the flow pattern,  
and the local heat t ransfer .  

T h e  experiments  w e r e  c a r r i e d  out on a tube with squa re  c r o s s  section 
(0.12 X 0.12m2) and a total length of 6 m  (F igure  1). A i r  a t  no rma l  p r e s s u r e  
was  pumped through a honeycomb (with squa re  cells, 0.01 X 0.01 m2) and a 
f i l t e r  s c r e e n  into a double Vitoshinskii nozzle. The end of the nozzle 
was  fitted with a flow-rate measu r ing  section (0.120 X 0.120m2) where  the 
requi red  air flow r a t e  w a s  determined by measu r ing  the drop on a calibrated 
P i to t -Prandt l  tube. T h e  f i r s t  5 m  of the tube se rved  as a s tab i l izer  section. 

All  bas ic  m e a s u r e m e n t s  w e r e  m a d e  on a working section 1 m long made  
of P lex ig las  and fitted with removable  l ids.  

One of the wal l s  over  the whole tube length was  fitted with an  e lec t r ic  
hea te r  m a d e  of s ta in less  s t e e l  foil  ( 6  = 0.0001 m) ribbon pasted onto 
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paronit ( 6  = 0.004m). Asbestos  sheet  (with a total thickness of 0.020m) was 
fitted beneath the working heater ,  and below this w a s  placed a Compensating 
heater  (made of Mn -Ni -Co alloy wire) which w a s  a l so  covered with an 
asbes tos  heat insulator. The  heat load on the compensating heater  w a s  
controlled by means  of three thermocouples placed between the working 
and the compensating heater .  

FIGURE 1. Schematic view of the setup. 

1- flow stabilizer section (5000); 2 -working section (1000); 3 - removable lid; 4 - leveling device; 
5 - shunt; 6 - rubber pad; 7 - fin; 8 - heater;  9 - working heaters; 10 - compensating heaters; 
11- thermocouple (30 pieces) connection circuit; 12 - thermocouples; 13 - copper foil; 14  - 1Kh18N9T 
steel  foil, 6 = 0.1; 15 - paronit [insulating material]  6 = 4;  16  - 1Kh18N9T steel sheet, 6 = 2. 

Th i r ty  chromel-kopel thermocouples (0.00015m thick) were  welded 0.01 m 
apar t  on the r e v e r s e  s ide of the working hea ter  in the center  portion of the 
working section. The  thermocouples were  welded without beads, the contact 
being made  through the me ta l  of the wall. The  emf of the thermocouples 
was  recorded  with a PP- type  potentiometer, with a common cold junction. 

The  experimental  tube f ins  w e r e  of two types: Plexiglas  f ins  of h = 
= 0.014m and b = 0.012m and wooden f ins  of h =  0.010m and b =  0.010, 
0.020, and 0.040m, with a b r a s s  foil ( 6  = 0.0001 m)  e lec t r ic  shunt. In 
o r d e r  to measu re  the tempera ture  field on the fin surface,  one fin of 
h = 0.040m was  fitted with a sepa ra t e  e l ec t r i c  hea te r  and 5 thermocouples 
w e r e  welded to i t s  inner  surface.  The  power of the working hea ter  was  
checked by taking ammete r  and vol tmeter  readings. The  velocity field and 
the degree  of turbulence of the flow were  recorded  with an ETAM-3A 
e lec t r i c  thermoanemometer ,  fitted with the ESU stabilized electronic  
amplif ier  and using a mi l l iammeter  with the T - 1 3  thermal  converter .  
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T h e  p r e s s u r e  field on a smooth wall, and the hydraulic res i s tance  
coefficient w e r e  measured  through holes bored in the wall facing the wall 
fitted with the turbul izers .  The  tempera ture  field in the s t r e a m  was studied 
by means  of chromel-kopel thermocouples (d iameter  0.0001 5 m)  connected 
to  the PPTN-1 potentiometer. The  measur ing  techniques were  worked out 
and the appara tus  was adjusted using a s i m i l a r  tube without turbul izers .  

The  experimental  data  show that the hydraulic res i s tance  coefficient has  

a value close to the value calculated using the Blasius  equation A =  *,03164 

while the value of the Nussel t  number  N u  was  close to the value calculated 
using equation N u  = 0.018 Reoo8. 

The  flow pat tern was  studied in a channel fitted with f ins  of / I  = 0.014m 
and b = 0.012 m ,  the distance between the f ins  being s = 0.077, 0.155, and 
0.255m a t  R e  = 4.4. lo4.  All the f ins  were  placed on the s a m e  side. 

The  experiments  showed that the flow between the fins m a y  be divided 
a rb i t r a r i l y  into three  main zones. The  eddying zone, the length of which, 
depending on the distance between the fins, was  e i the r  3 h (for a dis tance of 
0.155m or  slh = 11.1) o r 2 . 5  -3 .5h( for  a distance of 0.255m o r  s/h = 18.2), 
was immediately behind the fins. The  eddying zone contained two connected 
eddies. T h e i r  height was  g rea t e r  (by  about 1/3-1/4h)  than the height of the 
upper edge of the fin. A diffuser zone (which at s / h  = 11.1-18.2 extended to 
x / h =  8.5-10.0) lay behind the eddying zone. The  flow zone, lying behind 
the diffuser zone, was  para l le l  to the s ide wall, while the contraction zone 
s ta r ted  a t  a distance of 3h f rom the beginning of the next fin. 

The  flow of the turbulent co re  was a l so  noticeablydeformed in comparison 
with the flow in a smooth channel. Thus,  a turbulent wake with i t s  pole 
on the front  edge of the fin was c rea ted  behind the fin and extended toward 
both the per iphery and the center  of the flow. The  z e r o  velocity gradient  
line shifted toward the smooth wall. However, the flow pat tern of the flow 
c o r e  depended to a l a rge  extent on the slh ratio. F o r  instance, while a t  
slh = 5.5 (s = 0.077 m) the flow in the turbulent co re  remained pract ical ly  
constant, and the du/dy line was  a t  a distance of 0.65a f rom the w a l l  fitted 
with the turbul izers ,  a t  slh = 18.2 the velocity profile showed marked  
changes over the whole c r o s s  section, but the z e r o  gradient  line w a s  not 
paral le l  to the w a l l  and was a t  a distance of 0.55-0.65a f r o m  the wall fitted 
with the turbul izers .  

The  p r e s s u r e  field on a smooth wall was  investigated on a channel with 
turbul izers  having the following dimensions: h = 0.01 m; blh = 1, 2 ,  3, and 
4 f o r  slh ra t ios  between 7 and 40. 

The  experimental  r e su l t s  confirmed the r e su l t s  of previous s tudies  of 
flow kinematics. The  investigations showed that a t  l a rge  s lh  r a t io s  (higher  
than 15), all three  flow zones m a y  be  observed immediately behind the fin: 
the s t r e a m  af te r  passing above the eddying zone was slightly acce lera ted  and 
the resul t ing s ta t ic  p r e s s u r e  lo s ses  were  negligible; however, because of 
the braking of the whole s t r e a m  in the diffuser zone, there  occurred  a 
cer ta in  inc rease  in the s ta t ic  p r e s s u r e  which af terward remained  virtually 
constant until the contraction zone; the whole s t r e a m  was  accelerated,  and 
the main  lo s ses  of s ta t ic  p r e s s u r e  as well as dissipation occurred  in the 
contraction zone. 

The  experiments  showed that at re la t ively sma l l  dis tances  between the 
f ins  ( s f h  = 7-11), no inc rease  in  p r e s s u r e  was  observed in  the diffuser zone, 
while the s t a t i c  p r e s s u r e  decreased  gradual ly  over  the s t r e a m  path. The  
main dec rease  in  p r e s s u r e  occurred  again in the contraction zone (F igu re  2). 
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v-3 
T h e  investigation of the turbulence field P = showed that the turbulent 

U 
s t ruc tu re  of the s t r e a m  underwent marked  changes as compared with the 
flow in a smooth channel. 

FIGURE 2. Relative pressure drop on the smooth wall of a channel with turbu-
IizersatRe = 1.6.105, b = 0.041~1, and h =  0.01111 ( the  total  cross-section plane 
passing through the back edge of the fin was taken as the reference plane). 

a ,  b. and c refer to s = 0.07, 0.18, and 0.26m. respectively. 

Thus ,  during the flow in a channel with turbul izers  of h =  14" 
( h / a =  0.117) and b/h= 0.86, the s t r e a m  passing through the c r o s s  section 
plane on the back edge of the fin had a much higher degree  of turbulence 
than the s t r e a m  adjacent to the smooth wall (F igu re  3) .  At the s a m e  time, 
the s t r e a m s  a t  s /h= 11.1 and s / h =  18.2 showed only slight difference in the 
degree  of turbulence; on the o ther  hand, at s lh=  5.5, the degree  of 
turbulence of the c o r e  was  high. 

T h e  s t r e a m  passing between the smooth wall and the z e r o  gradient line 
had the s a m e  turbulent s t ruc tu re  as in the case  of a smooth channel, while 
the values of E were  in  agreement  with the corresponding values repor ted  
by  Minskii 1 3 1  and Laufer 141. 

A s  the dis tance f r o m  the fin increased ,  there  was  an  inc rease  in  the 
width of the turbulent wake, and n e a r  the wall the degree  of turbulence 
reached  a value of 0.4. However, s ta r t ing  a t  .x= 10-12, the s t r e a m  
became less turbulent because  of turbulent diffusion and dissipation, while a t  
the same t ime,  the production of turbulent energy  decreased  because  of 

duthe drop  in  the absolute value of -along the s t r e a m  path (leveling of the 
dY 

s t ream) .  T h e  g rea t e s t  dissipation of turbulent energy  occur red  in  the 
ducontraction zone, where  the fac t  that - > O  caused a dec rease  in the 
dy

turbulent energy  and, hence, an inc rease  in  the energy  dissipation (see 
F i g u r e  3). 

In  addition, the exper iments  showed that in  the contraction zone, the 
dissipation of turbulent energy  occur s  mainly in the turbulent wake adjacent 
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to the main  flow core,  and not in the region adjacent to the wall. T h i s  
phenomenon may s e r v e  a s  a par t ia l  explanation of the rapid inc rease  i n  the 
hydraulic r e s i s t ance  as ,a function of increasing relat ive fin height. 

FIGURE 3. Degree of turbulization a t  h = 0.014m, b =  d.O12m, Re = 4.4.1O4. 

a - x/li=1.13 ( I - s l h = l l . 9 :  I1 - s s / h =  5): b--s/h= 18.2: v= 14: c 
s lh  - I I  2 ;  1 - x / h = H . 6 ,  2 - x / h = l l . Z :  3 -smooth channel,  calculated from the 
data of Laufer. 

I I !
I I IF: 1T I  L
1 1 1
I l l  

~~iii

IOy 2 3 Y 5 6 8 t U '  2 3 n e  5' 6  810' 2 3 4 

FIGURE 4. Dependence of the hydraulic resistance coefficient i n  a channel on the 
Reynolds number. 

a - A = f ( R e ) ;  b l h = 4 ;  1 , 2 , 3 , 4 , 5 - r e f e r t o s l h = l l ,  7. 18, 26. 40, respectively; b -
A = f ( s l h )i I, 11,111- refer to b/h = I .  4. 2, respectively. 

T h e  r e s u l t s  of o u r  study of the hydraulic r e s i s t ance  (F igu re  4) follow the 
same pat tern with r e s p e c t  to R e  a t  R e  > 5 - lo4 .  T h e  hydraulic r e s i s t ance  
of channels with turbul izers  with b / h =  1 w a s  about 1 0 %  higher than in  the 
case of 6th = 2-4. When plotted as a function of s/h, the hydraulic 
r e s i s t ance  had a maximum a t  s/h = 11 and dec reased  gradually with 
increasing s / h .  

T h e  local and ave rage  heat t r ans fe r s  w e r e  studied with turbul izers  of 
h = 0.010m (h /u= 0.0835) and b / h =  1.2 and 4, in  the s/h range of 7-30. 

T h e  experiments  with turbul izers  of b/h = 1 and 2 w e r e  c a r r i e d  out a t  
9 = 1.4 kw/m2 in  the R e  range of 4 .  l o 4  - 8 -lo4 .  However, the experimental  
accuracy  was  not high enough. By using a different fan we w e r e  able  to in
crease the heat load to 3.3 kw/m2 and the velocity to R e =  8.104- l .6 .  lo5. 
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FIGURE 5.  Dependence of Nu,,. on the llryiioldr n u i n l x r  (1- calculated 
from cqiiarion Nu = 0.U18 

T h e  experiments  with turbul izers  of b /h=  4 w e r e  ca r r i ed  out under the same 
conditions. 

Heat losses into the surrounding medium were  taken into account 
in  calculating the heat loads and tcniperaturcs.  

The values of Nu,,were calculated only f o r  the spaces  between the fins. 
In o r d e r  to  account fo r  heat t ransfer  on the f ins ,  we intend car ry ing  out a 
spec ia l  experiment.  T h e  values of Nu,,,were calculated f r o m  the measured  
t empera tu re  f ie lds  on the walls. 

O u r  processing of the experimental  data showed that the value of NU,^.^,, 
for blh = 1 and slh = 5-7 is higher (by  a fac tor  of 1.8-1.9) than in  the case 
of a smooth channel, while a t  slh = 23, i t  i s  higher by a fac tor  of 1.5-1.6 
(F igu re  5). 

Enlargement  of the fin to  6lh= 2 causes  a 1 0 %  inc rease  in  NU^^.^^^ 
(F igu re  5). 

In the c a s e  of turbul izers  of 6lh = 4,  we observed a well-defined relation
sh ip  descr ibed  by the equation NU^^,^^^= CRe'.', where C = 0.04 for 7 < 
,<sfh,< 15; a t  higher slh there  was  a dec rease  in NU^^,^^^^ and i t s  value for 
1 5  ,<s/h< 26 could be  calculated from C = O.085(s/h)-o2*. 

The study of the local heat t r ans fe r  showed that the value of 

NUav.rec 
is independent of R e  a t  R e  > 4 .  l o4 .  

A typical distribution pa t te rn  of the values of 
N u av. rec 

is shown in 

F i g u r e  6. In this  case, the minimum value of 
N u av. rec 

f o r  blh = 1 was  

0.75-0.8, and i t  dec reased  to  0.65 as bjh increased to  4. However, i t  
should b e  noted that the above minimum occupies a small area of about 
(1-1.5) h and lies immediately behind the fin; this is followed b y  a sha rp  
inc rease  in  the heat t r ans fe r  t o  a maximum (with a small area, of about 
( 3 - 4 ) h ) ,  which is followed b y  a gradual  dec rease  in  Nuloc(for s/h> 11). 

For  instance,  in  the case of blh = 2, slh = 24 Nuloc= 1.2-0.025 (xlh - 5),
N uav. rec 
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where x is the distance from the back edge of the turbul izer  measured  in 
the direct ion of the flow. A slight increase  in the heat t ransfer  occur s  in 
f ront  of the next fin. 

FIGURE 6. N u ~ ~ ~ / N u ~ ~ , ~ ~ ~ratio as a function of x lh .  

a ,  b, c - Re = 8 l o 4 ,  h = 10mm, s/h = I. 11,26, respectively (1 - b /h  = 1; 
2 - 2 ;  3 -4); d - temperature distribution on the heat transfer surface: 
h = 0.01; s/h = 18; Re = 1 . 6 .  lo5; q = 3.3 kw/mz; t a i r  = 300.7"K. 

Heat t ransfer  on the fin was studied only f o r  the case  of blh = 4, s/h = 18. 
The  experimental  r e su l t s  a r e  shown in F igu re  6 .  A s  is evident f rom the 
resu l t s ,  heat t ransfer  on the fin is on the average somewhat higher than 
heat t r ans fe r  between the fins. At the same  time, s ta r t ing  with the second 
half of the fin, there  is a s h a r p  decrease  in heat t ransfer  which is explained 
by the deter iorat ion of the heat t ransfer  conditions due to the braking and 
heating of the s t r e a m  adjacent to the wall (as shown by the tempera ture  
field studies). The  same phenomenon accounts f o r  the poor heat t r ans fe r  
in the eddying zone immediately behind the fin. 

The  relat ively slight decrease  in the heat t r ans fe r  r a t e  in  the diffuser 
zone is attributed to the good turbulent mixing of the flow in the wake, and 
the slow growth of the laminar  sublayer ,  the thickness of which could 
probably be calculated f rom the experimental  data obtained. 
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S y m  b o l  s 

h - f in  height, m; b - fin width, m; s - distance between the fins, m;  
Q - channel s i z e  ( squa re  c r o s s  section), m; Nuav.rec- average  Nusselt  
number for  the r e c e s s  between the fins- Nuloc- local  Nusse l t  number; 

E =  - degree  of turbulence; -hydraul ic  r e s i s t ance  coefficient. 
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A.S. Nevskii, A.V. Arseev ,  L.A.  Chukanova, 
A. I. Malysheva, and T. V. Sharova 

CONVECTIVE HEAT TRANSFER IN CYLINDRICAL 
CHAMBERS WITH RECIRCULATION 

Whenagas  is discharged into a cyl indrical  chamber  through a nozzle or 
smal l -d iameter  hole placed a t  the chamber  end, the s t r e a m  formed ent ra ins  
the surrounding medium, and thus c r e a t e s  a vacuum nea r  the wal ls  a t  the 
en t ry  to  the chamber .  When the s t r e a m  f i l ls  the chamber ,  a fract ion of 
i t s  kinetic energy  i s  t ransformed into potential energy,  and the p r e s s u r e  i n  
the chamber  c r o s s  section and on the wal ls  increases .  In this  way, a 
p r e s s u r e  gradient  is crea ted  along the chamber  wal ls  nea r  the entry,  
together with a flow of gas in a direction opposed to the main s t r e a m  (i. e . ,  
gas  c i rculat ion in the dead co rne r s  nea r  the en t ry  to the chamber) .  

The  phenomenon of gas  recirculat ion c r e a t e s  peculiar conditions f o r  the 
convective heat t r ans fe r  between the gas  and the chamber  walls. Hence, 
the conventional equations fo r  the determination of the magnitude of 
convective heat t r ans fe r  cannot be  applied to the above case.  

Our  experiments  were  ca r r i ed  out with chambers  0.300 and 0.180m in 
diameter .  E a c h  chamber  was  surrounded with a water  jacket  divided into 
ca lo r ime te r  sections. The  basic  data concerning the chamber  dimensions 
are tabulated in Table  1. Each  ca lor imet r ic  section had a sepa ra t e  water  
supply. The  heat t r ans fe r r ed  to each  ca lor imeter  was  calculated on the 
bas i s  of the water  flow r a t e  through the ca lor imeter  and the increase  in its 
tempera ture .  The  a i r  was heated to 973°K in e l ec t r i c  hea te r s  before 
introducing i t  into the chamber .  The  air was  discharged into the chamber  
through a cent ra l  nozzle and an annular ex terna l  nozzle, the dimensions of 
which are given in Table  2. 

TABLE 1. Experimental chambers 

Chamber diameter, m 
Chamber parameters _______ 

0.300 0.180 

Length, m 
total 1.880 2.431 
used in the data processing 1.650 1.910 

Number of calorimeters 
total 13 16 
used in the data  processing 11 14 

Heating area of the calorimeters, as used in the data processing, m2 1.555 1.080 

N o t e .  In the chamber with a diameter of 0.180m. the first calor imerer(0.185m long) was 
disconnected in a l l  experiments except in experiments 28 and 29, where it was used as a working 
calorimeter in addition to the 14 calorimeters listed in the table. 
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T h e  air t empera tu re  in the chamber  sect ions between the ca lo r ime te r s  
was determined f rom the heat balance between the s ta r t ing  and the 
investigated sections.  The  heat t ransfer  coefficient f o r  each ca lo r ime te r  
was determined by the equation 

In the chamber  with a diameter  of 0.180m, the wall  t empera tu re  was 
measu red  a t  s ix  points by means  of thermocouples.  The  measu remen t s  
showed that the thermal  r e s i s t ance  in the c a s e  of heat t ransfer  f rom the 
wall to the water  i s  small .  It is easi ly  shown by calculation that the 
r e s i s t ance  to heat t ransfer  through the wall is negligible. Thus,  i t  m a y  be 
assumed that the heat t ransfer  coefficient sought is equal to the coefficient 
of heat t r ans fe r  f rom the a i r  to the chamber  walls. The  sma l l  e r r o r  (not 
exceeding 4 7’) resul t ing f rom this assumption i s  par t ia l ly  compensated by 
the fact  that in determining the heat t ransfer  Coefficient we a l so  took into 
account the heat t r ans fe r r ed  by radiation from the water  vapor enter ing 
with atmospheric  a i r .  

We determined the experimental  values of the Nussel t  number Nuexp 
I’rom the measu red  values of (1,  and f rom the values of the Reynolds number 
(calculated on the bas i s  of the average a i r  velocity in the chamber) we 
calculated the values of the Nusselt  number for  the heat t ransfer  in the c a s e  
of a uniform gas  flow in the tube by using the equation N u  = 0.018 Reo**. 
In the above calculations,  the values of the the rma l  conductivity and viscosity 
coefficients were  taken on the bas i s  of the average a i r  temperature  for  the 
given calor imeter .  

In a l l  experiments ,  we calculated for  each ca lo r ime te r  the r a t i o  

Nuexp
T ” u ?  

which shows to what extent the actual heat t ransfer  in any c r o s s  section is 
g r e a t e r  than the heat t r ans fe r  in the tube calculated for  an established 
turbulent flow. 

The values of ‘p over the chamber length obtained in the experiments  a r e  
shown in F i g u r e s  1-4. The f igures  show that noticeable changes in ip a r e  
observed over the chamber  length, and that the value of <p depends on the 
method by which a i r  is supplied to the chamber.  However, the general  
nature  of the changes in ‘p over the length of the chamber  is approximately 
the same.  At the en t ry  to the chamber  (i. e.,  f i r s t  calor imeter)  cp = 1.9
4.3. T h e  value of cp increased with increasing distance f rom the en t ry  and 
reached a maximum a t  a distance 1 = (1.5-2.9)D; af ter  the maximum, cp 
decreased,  rapidly a t  f i r s t  and then m o r e  slowly. T h e  maximum values of 
cp ranged f rom 5.8 to 11.6. At ve ry  g rea t  dis tances  f rom the en t ry  to the 
chamber ,  the value of cp approaches unity. 

We calculated the average values of cp and the average heat t ransfer  
coefficients (Table  3) f o r  each experiment in the section f rom the en t ry  of 
the chamber  to a distance 1=5 .5D . We determined the Nusselt  and 
Reynolds numbers  for  these sections.  In this case,  the average heat 
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t r ans fe r  coefficients w e r e  calculated using the equation 

Z k,F,
Ra, = -

C Fi 
43) 

The  Reynolds number was  calculated using the equation 

Re = Ga 
900 E D  p g 

FIGURE 1. Variation of 'p over the length of a 
chamber with D = 0.180 m and m = 3.6, for 
different air  supply and recirculation ( j )  rates; 
here aiid below the numbers adjacent to the 
curves indicate the number of the experiment 
in Table  3. 

a - air flow rate 0.045; b - 0.0406; c 
0.0329; d - 0.0254nm3/sec. 

The  values of the thermal  conductivity coefficient and the viscosi ty  of 
air w e r e  taken on the bas i s  of the mean ar i thmet ic  tempera ture  for  the 
beginning and the end of the section under consideration. 

Logari thms of the Nussel t  number  are shown in F igu re  5 as functions of 
logari thms of the Reynolds number.  Only those experiments  in which the 
air was  supplied through the two nozzles  a t  equal s t r e a m  tempera tures ,  and 
those experiments  in which the air was  supplied through the cent ra l  nozzle 
are included. We did not include experiments  18,19, and 20, which were  
performed in o rde r  to study the effect of the air -veloci ty  r a t io  ( f rom the 
two nozzles) on the heat t ransfer .  

F igu re  5 shows c lear ly  the relationship between the two s imi la r i ty  
numbers ,  which is descr ibed by the equation 

Nu =C Reo."'. 
( 5) 
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FIGURE 2. Variation of cp over the length of the chamber, and the recircula
tion j a t  m = 6.0. 

a -for a chamber with D = 0.300 m ;  I - a t  an  air flow rate  of 0.0412-0.0418 
nm3/sec; I1 - 0.0271nm3/sec; b -for a chamber with D = 0.180 m ;  111 -
at a velocity ratio wcen/mext = 0.82 (experiment 21); IV - 1.25 (experiment 22). 

FIGURE 3. Variation of 'p (continuous lines) and 
the recirculation (curves 15 and 1 6  on the bottom) 
over the length of a chamber with D= 0.180m, lor 
different methods of supplying air to the chamber. 

a - I - experiment 18, velocity ratio mCen/wext = 
= 2.00; 11- experiment 20, wcen/eext = 0.99; 
1J.I - experiment 20, wCen/weXt = 0.57; b -with 
air supplied only through the central nozzle (experi
men t  13) or only through the external nozzle (ex
periment 14); c -with hot air supplied only through 
the external nozzle (experiment 15) or only through 
the central nozzle (experiment 16). 

The  series of experiments  (10,11,12, and 17) in which the chamber  
diameter  to s t r e a m  diameter  r a t io  a t  the g a s  en t ry  to the chamber  was  
m = 3 . 6 ,  was ca r r i ed  out in o rde r  to elucidate the effect of the air flow 
ra t e  on the heat t ransfer .  In all experiments ,  the r a t io  of the air velocities 
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f rom the cent ra l  and the external  nozzles was the s a m e  (0.78). In F igu re  
5, the relationship between the dimensionless numbers  for  these experi
ments  is represented by the lower s t ra ight  line, for  which the value of the 
coefficient C in equation (5) is 0.29. T h e  cu rves  for  'p in the above experi
ments  are shown in F i g u r e  1, which shows that changes in the a i r  flow r a t e  
have l i t t le effect on the nature  of the curves  for  Q .  T h e  curves for  cp plotted 
a t  different a i r  flow r a t e s  a r e  compared a l so  in F i g u r e  2,a ,  where a 
slightly be t te r  defined maximum in heat t ransfer  w a s  obtained a t  lower flow 
rates .  Th i s  is, apparently,  a general  observation which can be attr ibuted 
to the fact  that N u e x p i s  proportional to the velocity to the power 0.67, while 
the calculated N u  is proportional to the velocity to the power 0.80. 

P 
4 

2 

U 
9 
7 
5 

30 1 2 3 4 5 6 7 8 9 /Ul/D 

FIGURE 4. Variation of cp over the 
length of a chamber with D = 0.180 m. 

a - w ith air supplied through 55 holes 
uniformly distributed over the bottom 
of the chamber;  b - in the case of a 
swirling airstream blown into the chamber. 

lg Nu 

ZJ 

13 
35 26 I 9  4.0LgRc 

FIGURE 5. Krlationship betwcen N u  and Re for a chamber 
of length 1 = 5.5 D .  

F o r  experiments  1-6 ,  which were  c a r r i e d  out using a chamber of 
D = 0.300m, and for experiments  2 1  and 2 2 ,  using a chamber  of D = 0.180m. 
the value of m was 6. On F igure  5, the respect ive points lie above the 
line for  m = 3.6. I t  is significant that the points obtained in experiments  
on different chambers  lie on the s a m e  lines. In these experiments ,  the 
velocity r a t i o  for  a i r  supplied through the central  and the [external]  annular 
nozzles was not maintained s t r ic t ly  constant, but ( a s  we shal l  see below) 
this inaccuracy in the velocity distribution has  l i t t le effect on the average 
heat t r ans fe r  ra te .  

A comparison of the curves  in F igu re  2,a,b shows that the nature  of the 
changes in tp over the length of the chambers  is the same f o r  both chambers .  

In experiments  13 and 26,  the a i r  was supplied only through the cent ra l  
nozzle, at m = 5.0 and 8.3. T h e  points corresponding to these experiments  
lie on the l ines  corresponding to their  respect ive values of m (see F i g u r e  5). 
Straight l ines  para l le l  to the l ine for  m = 3.6 were  drawn through the group 
of points with m = 6.0 and the experimental  points f rom experiments  13  and 
26. We obtained the following values for  the coefficient C in equation (5): 
m = 3.6, 5.0, 6.0, 8.3; C = 0.290, 0.345, 0.378, 0.418. 

Thus,  i t  is evident that a dec rease  in the r a t i o  of the s t r e a m  diameter  
a t  the en t ry  of the chamber  to the chamber  diameter  causes  an inc rease  in  
the heat t r ans fe r  f rom the a i r  to the wal ls  of the chamber.  A s  is seen  
f r o m  Tab le  3, t he re  is a simultaneous inc rease  in qmX, i. e.,  in the degree 
of nonuniformity of Lhe heat  t r ans fe r  over  the length of the chamber.  
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T h e  effect of the init ial  velocity field on heat t r ans fe r  is shown in F i g u r e  
3,a. The  a i r  is supplied f r o m  both nozzles,  but at  different ra t ios .  

When the a i r  throughput f rom the central  nozzle is increased,  the 
maximum in heat t r a n s f e r  shifts  toward the end of the chamber.  T h e  
sma l l e s t  value of the maximum in heat t r ans fe r  is obtained in the c a s e  of 
equal velocit ies of air outflow f rom the two nozzles,  and i t  becomes g r e a t e r  
a s  this equality is disturbed. 

T h e  r e s u l t s  of experiments  in which the a i r  was supplied only through 
the central  nozzle or only through the annular nozzle ( F i g u r e  3,b) m a y  be 
regarded as the l imiting c a s e s  for  the s e r i e s  of experiments  shown in 
F i g u r e  3,a. 

All  s ta tements  concerning the changes in the nature  of distribution of 
the heat t r ans fe r  over  the length of the chamber  a r e  confirmed by the 
resu l t s  of the above experiments ,  although the maximum cp in the experiment  
in which a i r  was supplied only through the external  nozzle was shifted to 
the right-hand s ide somewhat m o r e  than might be expected on the b a s i s  of 
the above conclusions. 

The  r e s u l t s  of two experiments  at  different ra t ios  of air outflow 
velocit ies a r e  shown in F i g u r e  2,b. 

T h e  points (on the figure) corresponding to experiment 2 2  (i. e . ,  a t  a 
high a i r  throughput through the central  nozzle) l ie  a t  a slightly g r e a t e r  
distance f rom the en t ry  to the chamber  than do the points corresponding to 
experiment 21; this is in agreement  with the above conclusion. I t  should 
be noted, however, that changes in the ra t io  of the throughputs f rom the 
two nozzles up to 2 : l  have l i t t le effect on the velocity distribution and the 
average heat t r ans fe r  coefficients. 

T h e  effect of the method of introduction of hot a i r  on the shape of the 
curves  for  cp is shown in F i g u r e  3,c. In  experiment  1 6  we heated only the 
a i r  f r o m  the central  nozzle and the a i r  f rom the external  nozzle was supplied 
cold, while in experiment 15, we heated only the a i r  f r o m  the external  
nozzle. I t  can be seen  that in the first case  the maximum heat t ransfer  is 
shifted (as compared with the second case) toward the end of the chamber.  
T h i s  is caused by the fact  that when hot a i r  is supplied through the cent ra l  
nozzle alone, the cold air s t r e a m  f rom the external  nozzle s e r v e s  a s  a 
shield between the hot cen t ra l  s t r e a m  and the chamber  walls,  thus reducing 
the heat t r ans fe r  r a t e  nea r  the en t ry  to the chamber.  

In experiments  23 and 24, the hot a i r  was supplied through an annular 
ape r tu re  0.00319m wide. In these experiments ,  the heat t ransfer  was lower 
than in other experiments  with the same  diameter  of the external  nozzle, 
as is evident f rom the low values of p,, and cp,,. This  m a y  be caused by 
the sma l l  ape r tu re  of the nozzle used f o r  the a i r  supply, which leads to 
disturbance of the s t ruc tu re  of the discharged s t r eam.  

In experiments  28 and 29 ,  the a i r  was supplied through 55 round holes 
0.012m in diameter ,  uniformly spaced on the bottom of the chamber.  The  
curves for  rp in the above case a r e  shown in F i g u r e  4,a. The  high values of 

Q a t  the en t ry  to the chamber  drop rapidly,  and at  1 > 1.5 ,  the measu red  

values of the heat t ransfer  coefficient a r e  in sat isfactory agreement  with 
the known data f o r  heat t ransfer  in the en t ry  sections of tubes. 

T h e  high values of the heat t ransfer  coefficient at  the en t ry  to the 
chamber  a r e  attr ibuted to the effect  of the method of a i r  supply into the 
chamber through holes of sma l l  diameter .  
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Because the a i r  is discharged in numerous narrow s t r e a m s  uniformly 
distributed over  the chamber  c r o s s  section, the chamber is filled with the 
discharged s t r e a m s  over a sho r t  length, and the gas  recirculat ion zone 
(and hence, the inc rease  in heat t ransfer)  i s  much s m a l l e r  up to 1=1.5D. 

Experiment  27 was c a r r i e d  out with a swirling a i r  s t r eam.  Eight blades 
0.05m long, with screw-shaped ends, were  placed in a nozzle 0.05m in 
diameter .  A s  seen  f rom F i g u r e  4,b, the heat t ransfer  coefficient in this 
experiment had a high value at  the immediate en t ry  to the chamber;  the 

1maximum cp was a t  -D = 1.8, and the curve for  cp had a smooth downward 

slope toward the end of the chamber.  
In addition to the curves  for  c p ,  F i g u r e s  1-3 contain a l s o  the values of 

the a i r  recirculat ion j =-
GI,, . 
G a  

T h e  recirculat ion was noticeable in the experiments  a t  high i n ,  f o r  
which the heat t ransfer  was a l so  high. The  maximum heat t ransfer  was 
observed at  the end of the recirculat ion zone. T h e  value of cp decreased 
rapidly in subsequent c r o s s  sections where there  was no recirculation, 
although i t s  value for  a large section over the length of the tube remained 
much higher than in the case  of stabil ized flow in a tube. 

W e  did not investigate the physical nature of the process ,  but i t  is 
possible to explain the high experimental  values of the heat t ransfer  
coefficients. In c r o s s  sect ions nea r  the end of the recirculat ion zone, high 
values of 'p a r e  obtained a s  a resu l t  of the impact on the chamber  walls of 
that par t  of the s t r e a m  which branches out to c rea t e  the recirculation, and 
the consequent dec rease  in the thickness of the boundary layer .  T h e  high 
values of cp in the recirculat ion zone and at  the end of the chamber  may  be 
attr ibuted to the formation of annular eddies nea r  the en t ry  to the chamber  
a s  a resu l t  of the interaction between two opposite a i r  s t r e a m s  - fo rward  
and r e v e r s e .  A s  they move along the chambers ,  the eddies gradually 
attenuate although they pers i s t  for  a considerable distance behind the 
recirculat ion zone. 

T h e  higher values of the heat t ransfer  coefficient in the experiments  
with a low nozzle-to-chamber diameter  ra t io  a r e  obtained a s  a resul t  of 
the formation of s t ronge r  recirculat ion s t r e a m s  and the creat ion of a m o r e  
turbulent air flow in the chamber.  

S y m b o l s  

Qi - amount of heat supplied to each ca lo r ime te r ,  Pi -heat ing area of 
the ca lo r ime te r s ,  m2;tav , , - mean  a i r  temperature  (ar i thmetic  mean of 
the t empera tu res  at the c r o s s  sect ions in front of and behind the 
calor imeter ,  "K; t o , i  - average t empera tu re  of water  in calor imeter ,  OK; 
G ,  - flow r a t e  of the air, kg/ sec; g - gravi ty  acceleration, m /  sec2; p -
viscosi ty  of a i r ,  kg.  s ec /m2;  G,, ,  - amount of air moving in a direction 
con t r a ry  to the main s t r eam.  

T h e  All-Union Scientific R e s e a r c h  
Insti tute of T h e r m a l  Metallurgy, 
Sverdlovsk 
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K. Rybi%ek 

CERTAIN CHARACTERISTICS O F  HEAT TRANSFER 
AND FRICTION IN THE CASE OF LONGITUDINAL 
FLOW AROUND [FUEL] ELEMENTS 

Many experimental  s tudies  have dealt with the problem of the heat 
t ransfer  during longitudinal flow para l le l  to [fuel] e lements  and i t s  
intensification, in par t icu lar  with respec t  to the design of efficient fuel  
e lements  for  nuclear  reac tors .  The  grea tes t  attention has  been given to 
bundles of smooth tubes / 6/ or smooth annular  channels 1,14,25/ while 
comparat ively few papers  deal with fuel e lements  fitted with longitudinal 
or t r ansve r se  f ins  / 7 , 9 ,  IO/. 

A s  yet, there  is no genera l  agreement  on the effect of additional 
geometr ic  fac tors  on the heat t ransfer  in channels of m o r e  complicated 
c r o s s  sect ions,  and the r e su l t s  of var ious experimental  s tudies  m a y  some
t imes  differ by seve ra l  percent. In mos t  cases ,  such differences can be 
attributed to the u s e  of different measurement  and evaluation methods, 
different working media,  and the u s e  of the tes t  e lements  under different 
conditions. Some of the papers  do not present  data on the fr ic t ional  
coefficient under experimental  conditions. T h i s  leads to considerable 
difficulty in evaluating the var ious heat- t r ans fe r  sur face  elements  for  
pract ical  use. 

The  design of a tes t  setup is based on the need to reduce the effect of 
the Prandt l  number  on the experimental  r e s u l t s ,  and to enable the determina 
tion of the overal l  heat t ransfer  coefficients during turbulent flow round 
channels of different geometr ic  shapes without measur ing  the wall 
temper  a t  ure. 

The  working medium used was air a t  1-5 atm,  which t r ans fe r r ed  heat to 
water- cooled tubes with a near ly  constant wall t empera ture  maintained over  
the length of the element ,  The  tes t  setup comprised an open air-circulat ion 
loop and a closed cooling-water loop; the l a t t e r  could be divided (by means  
of branching pipes) into two separa te  loops (F igu re  1). The  compressed 
air f rom the compresso r  plant was t rea ted  to remove  mois ture ,  heated by 
e lec t r ic  hea te r s  to 353-433"K, and passed f i r s t  through the tes t  channel, 
which was  placed between two coaxial settling chambers ,  and then through 
a diaphragm and a throttle valve. Mixing ce l l s  were  built in front of all 
thermocouple (Ni-CrNi, diameter  0.5. m)  groups mounted on the 
chambers .  

A constant mean tempera ture  (- 298°K) was maintained in the water  loop, 
which was equipped with a bypass, an open tank (with overflow), and a 
diaphragm. 

The  water  tempera ture  a t  the two ends of the measur ing  section was  
measured  with ca lor imet r ic  t he rmomete r s  (11100°C graduation) placed i n  
counter c u r  r ent sockets  , 
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FlGUllE 1. Schemat i c  v i e w  of the cxprrimental  s e t u p  with an annu la r  chaiincl 
f l t r d  i v l th  ;I cooldd inner tubc. 

T h e  whole setup, beginning at  the e lec t r ic  hea te r ,  w a s  insulated 
thoroughly. 

Extruded copper o r  b r a s s  tubes (variants 10-15) were used as the  test 
e lements  (Table  1). In the case of var ian ts  5-9 and 16, longitudinal copper 
f ins  w e r e  inser ted  in grooves and so ldered  with tin onto the tube. In the 
case of the elements  with t r ansve r se  f ins  (var ian ts  10-15), the f ins  w e r e  
machined f r o m  a thick-walled tube. The tube bundles w e r e  arranged in  the 
fo rm of equi la te ra l  t r iangles .  In the c a s e  of variant 16, s ix  cooled tubes 
fitted with f ins  fo rmed  a model  bundle f o r  the cent ra l  measuring element. 

Uniform e n t r y  conditions w e r e  provided fo r  the cylindrical  channels in  
var ian ts  1- 14, the i r  en t rances  being fitted with a quar te r -c i rc le  suction opening 
T h e  s ta t ic  a i r  p r e s s u r e  in  the channels was measured  through ape r tu re s  
0.0008 m in  d iameter .  

In o r d e r  to  eliminate paras i t ic  effects, the pa r t s  of tes t  e lements  ( in  
var ian ts  1-14) that passed through the s e t t l e r s  w e r e  insulated. T h e  tubular 
channels w e r e  fixed in coaxial position by means  of space r s .  

Since we established only the overall  a i r  tcinperature using the equation 

the s ta t ic  t empera tu res  determining the flow conditions and the t empera tu re  
conditions in  the t e s t  e l emen t s  w e r e  determined using the equation 

for higher flow veloci t ies ;  the effective air t empera tu res  w e r e  calculated 
using the equation 

T h e  heat t r ans fe r  coefficient was  

207 

L 




0 

TABLE 1. Technical details of the tested elements 

Vari-
Channelant 

1 Cylindrical 
2 Annular 
3 Annular, smooth inner tube 

?I I, I,4 
5 Annular, inner tube fitted with 

longitudinal fins 
6 
I 

N 8 
9 

1 0  Annular channel, fitted with 
transverse fins 

11 
1 2  Annular, with circular fins 
13 
14 Annular, with helical  fins 
1 5  Bundle of 7 tubes with transverse fins 
16 Bundle of tubes with longitudinal fins 

4. d,,. m -L 

m m  

38.0 - Dz = 0.038 52 - - -I- -
38.0 16 D z - D D I  = 0.022 91 - - - - 2.376 
38.0 25 D2 = 0.013 154 - - - - 1.52 
38.0 32 Dz = 0.006 333 - - - - 1.188 

*h 

-45.8 1 6  4 f ~I Oh = 0.01658 120 12  6.22 1.26 2.86 
-45.8 25 4 f ~ / O k= 0.01205 166 12 5.13 1.05 1.832 

lo,, = 0.01052 190 12 6.22 - 1.26 2.31638.0 16 4 f ~  
-38.0 25 ( I f L / o h  = 0.00681 293 12 5.13 1.05 1.52 

32.0 16 4fL/ oh = 0.00731 211 12 6.22 - 1.26 2.0 

112.0 

45.8 18 (26) Dz -D, = 0.0198 51 434 3.99 1.43 0.88 (1.16) 
38.0 18 (26) D,- Dz = 0.012 83 434 3.99 1.43 0.88 (1.46) 
32.0 18(26) Dz-D,  = 0.006 166 434 3.99 1.43 0.38 (1.23) 
38.0 18.1 (26) DI -Dz = 0.012 166 8 69 3.91 1.48 0.80 (1.46) 
38.0 18.3(25.5) Dz-Dz = 0.0125 I 9  428 3.61 1.48 0.82 (1.41) 

-18 (26.1) 4fL/Oh= 0.0265 76 8 69' 4.05. 1.41. 0.8' 
- - 25 4 f ~ / O h =0.C1369 146 12 5.13 1.05 

-
N o t e .  Variant 1-cooling to oh;variant 2 - L = 2m. cooled inner tube: variants 5-9 - L = 2m. cooled inner le; variants 10.11,12,14 - L = 1m; variant 1 3  -
L = 2 m .  cooled inner tube; variants 15' -continuation of the middle tube, separatory circle with a diameter of 0.014m; variant 16-separatory circle of 0.015m. 
a l l  tubes cooled. 
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where 

1k =  
FL F L  

w/m2.  deg. 

~ L F L  
+-

F,a,  
+R,

red 

For finned tubes, FLrcd = F,  +Q F,; for  smooth elements  FL red = FL was 
determined f rom the amount of heat Q, removed by the water .  

In the case  of two sepa ra t e  water  loops (var ian ts  15 and 16), the 
establ ishment  of identical water-heating conditions in the two branches made 
i t  possible to  use common values  of the tempera ture  differences, taking into 
account the flow ra tes .  

The  heat t r ans fe r  coefficient f o r  the air was  determined by the well-known 
Wilson method (which was  used a l s o  in / 9 / ) ,  based on the extrapolation of 
the function 

(measu red  a t  constant air pa rame te r s  and var iable  water  flow rate)  to a 
value of wv- W. The  obtained value of aL m a y  be used to  determine (by a 
r eve r sed  procedure) the function u,=f(m,). In processing the obtained heat 
t r ans fe r  functions in dimensionIess t e rms ,  we used the main  air flow 
tempera ture  to determine the proper t ies  of the substance. In all var ian ts ,  
the equivalent hydraulic d iameter  was  taken as the decisive cr i ter ion.  The  
heat t ransfer  coefficient was  assumed to  have a constant value over  the 
whole expanded surface.  In o r d e r  to reduce the e r r o r s  caused by the above 
assumption, the f ins  were  designed in such a way that their  efficiency 
-q2)0.85 (var ian t  12 ) .  

The  fr ic t ional  coefficient E ,  which was  determined f rom the s ta t ic  
p r e s s u r e  gradient over  the channel length L ,  w a s  calculated by the equation 

(where  wL, = %+Az),
2 

taking into account the impulse gradient  between the 

inlet and outlet. 
In  processing the experimental  resu l t s ,  we neglected the effect of 

radiation ( f rom the noncooled surface)  on the heat t ransfer ,  which in the 
l ea s t  favorable c a s e s  (var ian ts  2-4) could be  f rom 0.4 to  2.4%, assuming 
that the emissivi ty  coefficient E has  a value of about 0.6. The  accuracy  of 
the obtained values of N u  (including paras i t ic  effects) ranged f rom 3.5 to  5%, 
while in  the case  of 5 i t  was  f r o m  2.7 to 4.4'7'0. In mos t  measurements ,  the 
discrepancy between the thermal  balances f o r  air and water  did not exceed 
2-4'7'0. 
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The  resu l t s  of the tes ts ,  together with some  of the experimental  
conditions, a r e  l isted in  Table  2 and F i g u r e  2. In Table  2, the values of 
N u  are shown a s  n T ~ / p r ~ - ~(assuming that Pr,= 0.7 = const.) .  

TABLE 2. Results of the measurements and test conditions 

Varian 10-1 Re HI ["CI I 10-3 Re 

-.. . 

I 
2 

0 023.5 ReQ.8 (7) 
0.0242 (8) 

102-600 
38-216 

40 2-48 I 
47.5- I12 

0.03537 Re-u-oO (7 ' )
0.335 Re-",zd (8 ) 
0.12 R e 4 I 5  

102-600 
19.2-100 
100-333 

3 0.0214 ReOK (9) 28- I89 40.4 -103 0 326 Re-o.?J (9') 
0.1156 Re-O.'5 

8.4- 100 
100-282 

4 25-12  29.3-62.1 0.317 Re- ( I O ' )
0.I 12 1 Re-u-'S 

7.1-I00 
100-139 

5 
6 
7 

40-213 
31- I63 
4-4.- 1 IO 

38-44 . B  
31.8-39.2 

35-66, G 

0.221 Re-".*' (11')  
0.228 (12')
0.327 (13')
0.0661 Re-O."'d 

I O .  7-234 
34-189 

6.8- 100 
100-196 

8 54- I O 5  :1G 8-42.9 6.2-171 
9 47-157 24.5-31.5 I . 5 - 100 

100-179 

I I  

I2 

43-228 
27- 101)
24- 81 

40-46.8 
28.7-42.3 
19 4-27.6 

;in Figure 2 

I3 56- IO0 2.3.5-37.6 
I4 32-160 30-44.8 
15 16- 82 26.3-32.5 

16 0.02195 ReOK (22) 24-157 21.6-33.1 0.I766 R r 0 . I 8  (22') 10-160 
-___-

Control measu remen t s  in a channel 38. 10-3m in d i ame te r  (var iant  1) 
yielded resu l t s  that were  in good agreement  with the conventional relation
ships as f a r  a s  N u  is concerned, but the values of E corresponded to tubes 
with a relat ive roughness of 2 - l o 4  (according to Colebrook). 

3 4 5 6 8 1 0  

FIGURE 2. Test results under certain test conditions. The  numbers 
next to the curves correspond to the numbers of the variants i n  Table 1. 

In the c a s e  of smooth annular channels with Jz-
4 

ra t ios  within the range 

studied ( f rom 1.188 to 2 . 3 7 6 ) ,  the function N u  = f(Re,D,/D,) could be 
described by a general  formula 

Nu = 0.0191 P P 4  
( 7 )  
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which yields the s a m e  dispers ion of points (* 5'70) for  var iants  8-10 in 
Table  2. 

T h e  data obtained using equation (7) a r e  in good agreement  with the 
r e s u l t s  of 1 2 1  and 1 1  1I ,  and differ f rom the r e s u l t s  of 111 by no m o r e  than 
14'70. The  g rea t e s t  discrepancy i s  observed with r e spec t  to Quirrenbach 's  
r e s u l t s  1141. In the Re range f r o m  2 l o 4  to lo5, the discrepancy between 
calculations by the Roizen 1131  equation and equation (23)  r eaches  10%.  

According to 1 8 1-I 101. the f r ic t ional  coefficients in smooth annular 
channels sat isfy the equations 

which yield values of 5 that a r e  sl ightly higher (no m o r e  than 7.570) than 
the values reported in 1 1  51. 

F o r  the given number and height of the f ins ,  the s implest  equation for  
the heat t ransfer  on elements  with longitudinal f ins is 

Nu = 0.0226Reo.*PI".' 

In m o r e  gene ra l  t e rms ,  however, the D,/D, r a t i o  is not the decisive 
pa rame te r .  T h e  effect of the distortion of the velocity profile (caused by 
the channel outside the fins),  and the effect of the imperfect  radial-flow 
mixing, a r e  mos t  sat isfactor i ly  descr ibed by the p a r a m e t e r  proposed in 1101: 

where dhl or  dh2 are the hydraulic d i ame te r s  of the channels formed between 
the inner tube and the fins,  o r  between the fin edges and the outer channel 

diameter  (the l imi t s  of the two c r o s s  sect ions 
c r e a t e  a c i rc le  with a d i ame te r  of D, + aZ). 

The relat ive values  of NUIN% for  the inves
tigated va r i an t s  5-9  (Table 3), where Nuois the 
actual value for  a smooth channel (according 
to /lO/), a r e  shown in Figure 3 a s  a function 
of 0 .  F o r  the sake  of comparison, the s a m e  
f igure contains a l so  the value of Nu/N% for  a 
number of fins,  given by For t e scue  and Hall  

FIGURE 3. Dependence of NuJNuo in 171. T h e  higher re la t ive values of NUINU,, 
obtained in 1101 may be attr ibuted to the shape 

on 
dhl  

dh accordingto/lO/ and/l/. and the rounding of the f ins  a t  their  roo t s  and-k dh2 

1 - according to /lo/; 2 - accord- tips, which caused g r e a t e r  deter iorat ion 
ing to / I / .  of the channel flow conditions than occur red  in 

our  experiments .  On the other  hand, the 
values f r o m  171, which were  based on a 

l a r g e r  number of var iants ,  but without m o r e  detailed specifications, were 
somewhat lower. 
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Good correlat ion,  with maximum deviations of f 370, is obtained fo r  the 
coefficient 5 in the c a s e  of var ian ts  5-9. The  equation 

= 0.244 R e 4 3 7 5  (8') 

yields  values lower by 16-22 70 than those given in  171 for  the s a m e  cases .  

Measurements  made  on na r rower  annular channels with longitudinal 
f ins  on the inner  tube showed anomalies  in the functions N u  = /  (Re) and 
F;=cp(Re) a t  flow veloci t ies  of about 6 0 m / s e c  when a cer ta in  decrease  in N u  
and 5 occurred  fo r  R e  = const. (F igu re  4), while no change occurred  in the 
na ture  of the U& ra t io .  N o  such  anomaly was  observed in var iant  10 (Table  
3), and the flow pecul iar i t ies ,  which could be at t r ibuted to the dynamic 
effect of the ma ins t r eam on the shedding of eddies  f rom the space  between 
the f ins ,  depend a l s o  on the proximity of the outer  channel wall. A m o r e  
detailed explanation would requi re  d i rec t  optical observation of the flow. 
The  r e su l t s  f o r  tubes with t r ansve r se  f ins  shown in Table  3 and F igure  2 
are valid a t  velocities lower than 60 m/ sec. 

Despi te  the fac t  that the values of the exponents of the Reynolds number 
have a marked  dispers ion,  the experimental  points can be  descr ibed with 
a maximum dispers ion of 1 5 %  by using averaging equation 

Nu =0.00628 PI".' (9) 

in the range Re  = 2 .  104-105. Equation (9) differs  only slightly f rom 
equation (5) fo r  a bundle of e lements  with t r ansve r se  fins. The  fact  that 
equation (9) m a y  be applied to var ious  c a s e s  of longitudinal flow around 
[fuel] e lements  with such  t r ansve r se  fins ( c i r cu la r  and helical) is a 
justification of the select ion of dh=4f/Oh as the decisive c r i te r ion ,  assuming 
that the envelope of the fin edges (@,Os) is the bas ic  dimension of finned tubes. 
For var ian ts  11 and 13, which differ in  their  channel lengths, the Nussel t  
number  is descr ibed  by the s a m e  equation, while the shapes  of the curves  
descr ibing the changes in  I .  differ to  a cer ta in  extent (F igure  2). 

Compared with other  published data, our r e su l t s  ag ree  relat ively well 
(deviations of 13-2170) with the relat ionships  repor ted  by Pe t rovski i  e t  al. 
1131, while extrapolation of the well-known Knudsen and Katz  equation 
191 yield much (about 140oJo) higher  values of Nu. 

The  sepa ra t e  equations descr ibing the fr ic t ional  coefficient E in  the case 
of var ian ts  10-15 (Table  1) cannot be  combined into a single equation. The  
repor ted  values are, however, in qualitative agreement  with the graphical  
data  of Braun  and Knudsen 131.  

212 

I 




It was  found that the heat t ransfer  in a bundle of tubes with longitudinal 
f ins  is slightly lower than in the case  of flow in channels, while the 
measured  res i s tances  are 10-30 '7'0 higher than the respect ive values for  a 
smooth channel. 

S y m b  0 1 s  

A - the mechanical  equivalent of heat; cp - specific heat at constant 
p re s su re ,  j /kg.  deg; D1- diameter  of the tested element, m; Dz - inner  
d iameter  of the channel, m;  dh - hydraulic diameter ,  m; F - surface 
area, m2; f - flow c r o s s  section, m2;  G - flow ra te ,  kg/ sec;  g -
accelerat ion by gravity, m2/  sec ;  h, -fin height, m;  k - heat t ransfer  
coefficient, w/m2.deg; L - channel length, m;  nz - number of fins; Oh -
channel parameter  in contact with the flow, m; ~p - s ta t ic  p re s su re  
gradient, n/m2; R - thermal  res i s tance ,  m2.deg/w; s, - distance between 
the f ins ,  m;  T - absolute temperature ,  "K; t - temperature ,  "C; w -
flow velocity, m / s e c ;  a - heat t ransfer  coefficient (overa l l ) ,  w/m2.deg; 
Y - specif ic  gravity, kg/ m3; cr2 - fin thickness, m;  T , ~- thermal  efficiency 
of the fin; i - i S - mean logarithmic tempera ture  gradient, deg; 5 - f r ic t ional  
coefficient; o - recovery  coefficient. 

Subscripts: c - total or overall; e - effective; L - a i r ;  r e d  - reduced; 
s -mean or  average;  S t  - static; t - tube; u -water ;  z -fin; 1 , 2  -
inlet, outlet, ( in te rna l  o r  external). 
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V. F. Yudin and L. S. Tokhtarova 

INVESTIGATION ON THE HEAT TRANSFER AND 
RESISTANCE O F  FINNED, STAGGERED BANKS 
WITH FINS OF DIFFERENT SHAPES 

Finned tubes of many different fin shapes a r e  extensively used in gas-
liquid heat exchangers.  In addition to tubes with wi re  fins,  tubes with stud 
and disk fins have a l so  been used recently.  

In designing new heat exchangers,  difficulties a r i s e  in connection with 
the selection of the mos t  effective type of fins and with the adequate 
arrangement  of the tubes in the bank. 

Comparative studies on the heat t ransfer  and r e s i s t ance  of finned, 
s taggered banks were  c a r r i e d  out at  the Central  Boiler and Turbine Insti tute 
im. I. I. Polzunov in o r d e r  to determine which type of fin was most  
efficient; the banks studied were  made  of tubes with cylindrical  studs,  f lat  
fins, disk fins, w i re  fins, and disk fins with zigzag surface roughness 
imparted by tooth- shaped protuberances.  

A detailed study of the effect of the geometr ic  pa rame te r s  of staggered 
and in-line finned banks on heat t ransfer  and r e s i s t ance  is reported in  111. 
The banks consisted of tubes (Table  1). The  range of variation of the 
relat ive pitch was 

S,ld = 1.7 -3 and S,/d = 1.2 -3. 

Of the 1 7  bundles studied, the best  power-consumption cha rac t e r i s t i c s  were  
obtained in the c a s e  of staggered banks having S , / d = 3  and SJd = 1.2. Hence, 
we studied only staggered banks with relat ive pitches close to the optimum 
values . 

The  experimental  setup and procedure are descr ibed in detail  in 111. 
The  heat t ransfer  studies were  c a r r i e d  out in an open-type aerodynamic 

tube by the method of local thermal  s imilar i ty .  E l e c t r i c  heating was used 
in the measuring tube-calor imeter .  The heat flux was in  the "wall-to-gas" 
direction. All  the banks investigated consisted of seven rows of tubes. 

T h e  t empera tu re  of the outer surface of the measuring tube-calor imeter  
was measu red  a t  the roots  of the fins, using chromel-alumel thermocouples;  
this made  i t  possible to calculate the values of the reduced heat t ransfer  
coefficient a,,,j). 

T h e  t empera tu re  of the air entering and leaving the bank was measu red  
with a laboratory m e r c u r y  thermometer  with 0.1" sca le  divisions. T h e  
wall  temperature  (f,) in the different experiments  ranged f rom 358 to 383"K, 
and the a i r  temperature  ( t a ) ,  f rom 288 to 298%. 

The  heat t r ans fe r  coefficients were  evaluated f r o m  the heat load, which 
was determined f r o m  the electr ical  power consumed to heat the calor imeter .  
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TABLE 1. Geometric characteristics of the finned surfaces 

Character- -istics of 2 3
finned --

Of lhe ~ 0.032 0.032 0.032 TT
basic sur-

0.032 0.032 , 0.032 0.032 

face d . m  

Type of trape- trape- rrape- trape- ~ round plate 1 round 
fins zoid zoid zoid zoid studs studs studs 

screw screw screw straight D.=72 Du=12 D.=50 
thread thread thread, D.=12 d s = 1 0  c = 2 1  ds=5 

DM= 50 DM=50 with If. av 
zigzag =2.25 = 2.5 

= 2.25 rough
ness 

D. = 50 

%at 2----------___-
Method 

of attach
ing or 

producing 
the fins Machining Welding 

Longitu
dinalpitch 
between the 

fins I ,  m 0.006 0.006 0.006 0.006 0.015 0.012 0.015 

fins h ,  m 0.009 0.009 0.009 0.020 0.020 0.020 0.009 

Density of 
finsHeight9,Of 5.1 1 5.4 1 5.9 12.2 1 5.46 1 6.78 2.46 1 

. of finned surface 

8 9 10 

0.032 ~ 0.032 I 0.019 


round plate 1 wire cylindrical with screw thread 


15 

0.050 

smooth 
tube 
with 

diameter 
5 0 x 3  

studs studs 
D. = 1 2  D. =12 
d s = 5  c=16 

tp1  
= 2.5 

Soldering 

0.015 0.012 

0.020 

4.3 1 1::; 

D.=72 DM=43 D.=41 Du=63 D. =43 
dW If =1.2 b f =  1.2 I f =  1.: 8 f.av 
= 0.76 = 1.1 
2 =60 	 VNII-

MET-
MASH’ 

Machining Rolling 

0.0015 0.005 0.005 0.005 0.0065 

0.0165 Rlr 1 ::lf i l I : 2 0  1::; 
11.3 

S y m b o l s :  D. -finned surface diameter; I f -fin thickness; d s  -stud diameter; c -plate wi h; 6 - plate thickness; d -wire diameter; z -number of Loops 
on the circumference. 
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The  main tube d iameter  was taken as the determining l inear  dimension. 
The  air velocity was  determined in the c r o s s  section of the contracted 
bank. The  physical charac te r i s t ics  of the air r e f e r  to the average air 
tempera ture  in the bank 1 2 1 .  

The  shapes  and geometr ical  dimensions of the finned tubes studied are 
l is ted in Table  19. The  f ins  were  e i ther  machined f rom solid, o r  
attached by welding, soldering, or rolling; there  w a s  no thermal  res i s tance  
between the fin and the tube base. 

All tubes and fins were  made of plain carbon s teel ,  except tube 10 which 
w a s  made  of b r a s s ,  with soldered copper wires .  

TABLE 2. Characteristics of the  investigated staggered banks 

Ratio of 

Bank Type  of surface and its No. 
Relative pitch 

Zompact-
compressed

ness co-
No. as listed in  Table 1 effic ient 

to running 
xoss section 

%!Il S.ld ;r,m2/ms 
Fcom IFr 

1 Bank with screw-thread disk 
fins, 1 2 2 122 0.434 

2 Bank with screw-thread trapezoid 
fins, with toothed surface 
roughness, 3 2 2 144 0.434 

3 Bank with straight trapezoid disk 
fins.4 3 2 188 0.505 

4 Bank with round studs.5 3 2 84 0.383 
5 Bank with wire fins, 1 0  3 2.6 223 0.593 
6 Bank with seamless screw-thread 

disk fins (VNIIMETMASH), 14 3.13 1.78 128 0.634 
7 Bank with plate-shaped fins, 6 3 2 104 0.914 

We studied the heat t ransfer  and drag  in seven s taggered banks 
assembled  f rom tubes with var ious types of fins. The  geometr ic  
cha rac t e r i s t i c s  of the banks a r e  l is ted in Table  2. For the above seven 
banks, the ca lor imeter  sur face  calculations were  based on the diameter  
of the main  (supporting) tube. 

In addition, we studied the heat t ransfer  in 14 staggered banks assembled 
f rom finned tubes (Table  1) with relat ive pitches S , / d = S 2 / d = 2 ,  in which the 
ca lor imeters  were  of var iable  sur face  f rom 2 to 15. T h e  ca lor imeter  was 
placed in the center  of the fifth row. In this case,  the calculations were  
based on the total sur face  (the surfaces both of the f ins  and of the supporting 
tube not occupied by the fins). 

Apparently such an investigation could not es tabl ish the t rue  value of the 
heat t r ans fe r  f rom eve ry  type of sur face  in the case  of banks of tubes with 
a cer ta in  type of fin, but i t  did yield data  on the relat ive heat t r ans fe r  r a t e s  
f r o m  the different surfaces .  

True  values of the heat t ransfer  and d rag  in the banks could be collected 
by  using banks assembled  solely of tubes with the given type of fin, but the 
production of such  tubes is laborious and expensive, and we adopted the above 
method f o r  the determination of the re la t ive  magnitudes of the heat t ransfer  
f rom different surfaces .  The  tube bank (1) se rved  as a turbul izer  gr id  fo r  
the investigated sur face  (ca lor imeter ) .  

The  hea t  transfer and resistance experiments were carried out by E. K. Osipova. 
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T h e  exper imenta l  data on the heat t r ans fe r  and d rag  w e r e  processed  in  
t e r m s  of dimensionless s imi l a r i t y  numbers ,  as the functions: 

N u =  f ( R e )  a n d E u =  f ( R e ) .  

T h e  exper imenta l  r e s u l t s  of the heat t r ans fe r  in fourteen s taggered  banks 
of finned tubes a r e  shown in F i g u r e  1 ( the  heat t r ans fe r  calculations being 
based  on the total sur face  of the finned tube). F o r  the sake  of comparison, 
the same figure a l s o  contains experimental  data on a smooth-tube 
ca lo r ime te r  (15). 

6 /03 IO' 2 5 em*RC 

FIGURE 1. Hear transfer from different surfaces. 

1-15 - the numbers of finned surfaces as listed in 
Table  1. 

The  data in F i g u r e  1 show that higher t he rma l  efficiency was  obtained 
with the smooth tube. 

Data on the heat t r ans fe r  and d r a g  in the seven  s taggered  banks investi
gated (Table  2) are shown i n  F igu res  2 and 3. 

The  data in F i g u r e  2 show that the most  sa t i s fac tory  heat t r ans fe r  was  
obtained with banks 3 and 5. The  heat t r ans fe r  in bank 5 was  20-2570 m o r e  
intensive than in bank 3. T h i s  may  be  attr ibuted to the effective per form
ance  of the wi re  fins which (in cont ras t  to the other fins) were  made  of 
copper, whose the rma l  conductivity coefficient is 8.5 t imes  that of steel ,  
and a l so  to the s m a l l e r  d iameter  of the main  supporting tube ( d =  0.019m). 

I t  should be mentioned that the heat t r ans fe r  i n  bank 2, where  the fin 
sur face  was  roughened by tooth- shaped protuberances,  i nc reased  m o r e  
rapidly than in the remaining banks - the curve  was  s teeper .  

The  data in F i g u r e  3 show that the g rea t e s t  d rag  was  observed in bank 5 
(made  of tubes with wi re  fins), where  the d rag  was  2 .2  t imes  that in bank 3. 
The  lowest d rag  was  observed in bundles 1 and 6,  made of tubes with disk 
fins (VNIIMETMASH). 

The  comparative evaluation of the the rma l  cha rac t e r i s t i c s  of the different 
banks was  based on the Kirpichev 131 power coefficient for the evaluation 
of heat exchangers.  In the case  of convective sur face  investigations 141, 

E =  ared 
2.69qEuopsw: ' 
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FIGURE 2. Heat transfer in different banks (see Table 2). 

FIGURE 3. Drag in  different banks (the symbolsused 
are  as in Figure 2). 

The  power consumption fo r  the pumping of the heat exchange medium 
( p e r  hour  and unit heat t r ans fe r  surface)  was calculated in thermal  units, 
using the equation 

A N ,  = 2.69oLE~,p,9 (2) 

Since the heat t r ans fe r  coefficients were  calculated on the bas i s  of a 
round tube with a d iameter  equal to the d iameter  of the main tube, the 
power consumption f o r  the pumping of the heat t r ans fe r  medium was a l so  
r e f e r r e d  to  the total sur face  of all tubes in the bank, the calculation being 
based on round tubes of the same  diameter .  

Graphs  for the function E = /  ( A N o )  were  plotted fo r  the different banks on 
the bas i s  of calculations made using equations (1) and (2). 
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FIGURE 4. Comparison of the thermal character
istics of different banks ( the  symbols used are as in 
Figure 2). 

The  effectiveness coefficient of the i - th  bank was  

E,p, -1- =redi (3)’ E s t d  =red. std 

Bank 1 was taken as the standard. 
F o r  instance, a t  ANB = 300, the effectiveness coefficient of the fifth 

3 7  2
bank qs = 7= 2.55, and of the sixth bank, q6 = 1.45= 1.38.

.45 
A graphical  presentat ion of the volume charac te r i s t ics  of seven 

investigated banks is shown in F i g u r e  5, as the function 

-Ei 
pi 
3 

z 

I 

“1 0.2 85 1 2 5* 
4*I 

FIGURE 5. Comparison of the  volume characteristics 
of the banks (symbols as in  Figure 2). 

The  intersect ion of the s t ra ight  line fo r  E s t d  = idem with these curves  in 
F igu re  5 formed on the absc i s sa  segments  with length character iz ing the 
s i ze  of the banks fo r  a given (equal) heat t ransfer  and an equal power 
consumption for  the pumping of the heat t r ans fe r  medium. 

The  data  in the f igure show that bank 5 is the smal les t  and bank 4, the 
largest .  
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Of the seven investigated banks, the optimum performance was obtained 
with bank No. 5, fitted with copper wi re  fins. Bank No. 3 (VNIITMETMASH
fins),  was the best  among the banks made  of steel .  I t  is known, however, 
that  the the rma l  cha rac t e r i s t i c s  and the s i z e  of the banks are determined 
by the tube diameter ,  the geometr ic  dimensions of the fins, the ma te r i a l  
they a r e  made  of, and the relat ive spacing of the tubes in the bank; hence, 
any of the finned su r faces  could be adapted to yield the s a m e  performance. 

The  data in F i g u r e  1 show that the efficiency of a l l  finned tubes (with 
var ious types of fins) was lower than that of the smooth tube. T h e  layer-by
l aye r  separat ion of experimental  points was caused, f i rs t ly ,  by differences 
in the fin height and thickness, and secondly, by differences in the influences 
of fin performance on the total  surface effectiveness due to differences in 
the fin density and, in  the c a s e  of the su r face  with copper wi re  fins (No.  lo ) ,  
to differences in  the the rma l  conductivity of the fins. 

T h e  tube having round s tuds (No. 7) of d s =  0.005m and h = 0.009m 
was the most  effective of the finned tubes investigated. The s a m e  surface had 
the lowest fin density, 9 = 2.46. In the range of Re numbers  investigated, 
the surface fins performed ve ry  efficiently and since their  density 
coefficient was small ,  their  performance had l i t t le effect on the performance 
of the surface a s  a whole, the experimental  points lying close to those for  
a smooth tube. 

The lowest t he rma l  efficiency was observed in the c a s e  of surface No. 13, 
with screw-thread cylindrical  f ins with b f =  1 .2mm,  h = 0.020m, and 
'p = 16.4. The  thin high fins on that su r f ace  were  not v e r y  efficient, and 
s ince the fin density coefficient was la rge  ( ' p=  16.4), their  performance had 
a s t rong effect on the overal l  performance of the whole surface.  

We should mention the efficiency of surface No. 10, which had wi re  fins 
of d r e d =  0.00076m, h = 0.0165m, and q =  11.3. In spi te  of the high density 
coefficient and the considerable height of the fins, the efficiency of the 
su r face  was  relat ively high. T h i s  should be attr ibuted most ly  to the s m a l l  
diameter  of the tube ( d  = 0.019m). Unlike a l l  the other fins,  those on 
surface No. 10 were  made  of copper (having a thermal  conductivity 
coefficient h = 330wlm.deg). and a s  a resu l t ,  they were  ve ry  efficient in 
spi te  of their  considerable height ( h  = 0.0165m). 

In o r d e r  to determine the effect of the fin shape on heat t ransfer ,  i t  is 
necessa ry  to c a r r y  out experiments  with ca lo r ime te r s  having fins of 
different shapes.  T h e  ca lo r ime te r s  mus t  have fins of the s a m e  density, v ,  
thickness,  and height, and mus t  be made  of the s a m e  ma te r i a l  on tubes of 
the s a m e  diameter .  

The  production of such ca lo r ime te r s  is quite complicated. Hence w e  
studied heat t r ans fe r  in  ca lo r ime te r s  with su r faces  Nos.  1-14 (Table  1). 
In o r d e r  to es tabl ish the effect of the fin shape on heat t ransfer ,  we 
introduced a correct ion for  the efficiency of the fin. T h e  efficiency of 
different f ins  E was determined as a function of the p a r a m e t e r s  ph and 
D-using a nomograph f o r  round f ins  on a cylindrical  base,  which a t  f i r s t
d 

approximation gives  sat isfactory accuracy. H e r e  

$=p.6fA.. 

In o r d e r  to eliminate the need for calculations by the method of 
successive approximations, we plotted a n  auxi l iary g raph  f o r  the function 
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a red=f (ac )  , fo r  all finned su r faces  with different values  of O C .  The  values  
of the reduced heat t ransfer  coefficients were  calculated by the equation 

Using the auxi l iary graph  and the experimental  values  of (1 red f o r  all 
sur faces ,  we found the corresponding values of a c  , and using equation (5), 
we calculated the values  of p,  The  efficiency of the f ins  was  then determined 

with the aid of the nomograph, as descr ibed  
above. 

By cor rec t ing  the experimental  values  
of Nu for  the fin efficiency, i t  was  possible  
to e l iminate  ( to  f i r s t  approximation) the 
effects of the different fin heights, thick
nesses ,  and me ta l s  of which they were  
made,  i. e . ,  to es tabl ish the effect of fin 
shape on the heat t r ans fe r  ( N u  = f (Re)) .  

It was  impossible  to  e l iminate
FIGURE 6. Effect of the f in  shape on hear 

completely the layer-by- layer  separat iontransfer. 
of experimental  points fo r  the different 
su r f aces  because of the g rea t  differences 

in  the fin densi ty(cp= 2.46-12.2) and the heights ( h =  0.009-0.020m) of the 
investigated ca lor imeters .  The  correct ion for fin efficiency was introduced 
into the overal l  value of the reduced heat t r ans fe r  coefficient, which refers 
both to the fin per formances  and to  the performance of the bearing- tube 
areas not occupied by fins. Using the cor rec ted  values  of N u ' ,  we plotted 
a graph  fo r  the function N u '  = f (Re) (F igu re  6 )  for  two sur faces  (Nos.  5 and 
6 )  with close finning parameters ;  in the case  of sur face  No. 5, h = 0.020m 
and cp = 5.46, and in the case of surface No. 6, h = 0.020m and y =  6.78. 
Surface No.  5 w a s  fitted with round stud fins, while sur face  No. 6 was fitted 
with plate s tuds.  

Despite the considerable  differences in  the shapes of the fins (and thus, in the  
nature  of flow around them), the heat t r ans fe r  on these su r faces  was 
vir tual ly  the same.  T h i s  leads to  the conclusion that the fin shape has  no 
substant ia l  effect on the heat t r ans fe r  process .  Thus,  the selection of the 
type of sur face  fo r  a heat exchanger should be based on the faci l i t ies  f o r  
production of finned tubes and the rel iabi l i ty  of the heat exchanger. 

The  production of tubes with round and plate s tuds and with wire  f ins  
is r a the r  complex and expensive. Hence, i t  is worthwhile to base  the 
design of heat exchangers  on tubes with seamless  disk f ins  (VNIIMETMASH), 
s ince they are produced by rol l ing smooth tubes. The  same conclusion was 
reached a l so  by V. M. Antuf'ev 141. 

S y m b o l s  

ared - reduced heat t ransfer  coefficient calculated on the bas i s  of a 
smooth tube of d iameter  equal to  that of the main  (bearing) tube; u - '1

7 
re la t ive pitch in  the t r ansve r se  direction: s1- t r ansve r se  pitch of 
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Eu
the tubes in the bank; d - diameter  of the main bear ing tube; Eu,=-

m 
Euler  number calculated fo r  the flowing s t r eam and r e fe r r ed  to one row in 
the bank (in the direct ion of flow) m; ps - s t r e a m  density; w f -flow 
velocity; IIi - compactness  coefficient of the i-th bank: a, - convective 
heat t ransfer  coefficient; $ - constant accounting f o r  the nonuniform 
distribution of a ,  over  the fin sur face  ( i t  is assumed that i t  has a value of 
0.85 for  all fins); a f  -mean fin thickness; A - thermal  conductivity 
coefficient of the s t ruc tu ra l  me ta l  of the fins; Hf - fin sur face  area; Hbt -
sur face  area of the bear ing tube sect ions not occupied by fins; H = H, f H b t  -
total ex te r ior  sur face  of the tubes with the fins. 
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I. Vampola 

GENERALIZATION O F  THE LAWS GOVERNING 
HEAT TRANSFER AND PRESSURE DROP DURING 
TRANSVERSE FLOW O F  GASES IN FINNED TUBE 
BANKS 

T h e  derivation of genera l  l aws  f o r  the heat t r ans fe r  coefficients during 
flow in contact with devices such as finned tube banks is outside the scope 
of theoretical  ana lyses  based on physical calculations. Hence, i t  is 
necessa ry  to base  the derivation of such  laws  s t r i c t ly  on exper imenta l  data. 

In sp i te  of the fac t  that finned tubes are widely used in technology, the 
published data a r e  insufficient fo r  the determination of the heat t r ans fe r  
and d rag  coefficients f o r  a r b i t r a r y  distribution of the t r ans fe r  surface.  
T h i s  is due to the l a rge  number of var iab le  pa rame te r s  which complicate 
the solution of the problem. Thus,  eve ry  design of a new type of finned 
tube r equ i r e s  r a t h e r  extensive measu remen t s  involving l a rge  expenditure, 
especially f o r  the determination of the optimum dimensions and 
distribution of the fins. 

A series of measu remen t s ,  the interpretation of which made  i t  possible 
to der ive  some  fa i r ly  accura te  genera l  laws, were  c a r r i e d  out a t  the S ta te  
Resea rch  Institute of Heat Engineering (SVUTT). The  r e su l t s  make i t  
possible to de te rmine  the optimum fin dimensions for var ious  applications. 

When a gas  flows in contact with a bank of tubes, the total amount of 
heat t r ans fe r r ed  is equal to the sum of the heat t r ans fe r r ed  by radiation and 
convection. In the c a s e  of f in s  spaced a t  a sma l l  pitch, the complex 
radiation pattern m a y  be replaced by the radiation f rom the ex ter ior  sur face  
of the heat exchanger to the surrounding channel walls. Since the r a t io  of 
ex ter ior  sur face  to total t ransfer  surface is negligibly smal l ,  i t  is possible 
to ignore the contribution of radiation to the heat flux; a t  gas tempera tures  
up to 100aC, the e r r o r  caused by this simplification does not usually exceed 
1%. In the case of thin-walled tubes, the main  equation f o r  the amount of 
t r ans fe r r ed  heat is as follows: 

where aL  is the apparent coefficient of heat t r ans fe r  re la ted  to the total outer 

t r ans fe r  sur face  of the heat exchanger and compr i se s  a l so  the effect of the 

f in  mater ia l .  In o r d e r  to de te rmine  i t s  value, i t  would be advantageous to I 


carry out a more detailed ana lys i s  of the heat t r ans fe r  conditions on the 

finned tube. 
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T h e  amount of heat t r ans fe r r ed  (in the heat exchanger) by convection 
equals the sum of the amounts of heat t r ans fe r r ed  by the fins and the tube 
su r faces  together: 

Q =az F,6,  + af t* .  (2) 

In pract ice ,  i t  is impossible to determine the par t ia l  heat t ransfer  
coefficients on the bas i s  of t he rma l  measu remen t s  with the heat exchanger. 
However, analyses  of the experimental  r e s u l t s  indicate that the difference 
between a, and az usually does not exceed 20%.  In view of the sma l l  value 
of F,/F,, i t  can be assumed that a , = a ,  and the resul t ing e r r o r  in the deter
mination of az would not exceed 2 % .  

If !k =qz, we obtain f rom equation (2): 
61 

where Y is a constant depending solely on the t ransfer  su r f ace  ratio.  Since 
the heat t r ans fe r r ed  may  be writ ten a l so  a s  

Q = aLFL6,, ( 4) 

we obtain f rom (3 )  and (4)the following equation for  the apparent heat 
t ransfer  coefficient 

The  6J6, ra t io  i s  determined f rom the fin efficiency, which for  fins other 
than round or flat  may  be calculated using the approximate equations 
proposed by Schmidt / 91. 

According to Barke r  I 11, the efficiency of thin multi layer fins may be 
calculated using the s a m e  equations, assuming that the mean thermal  
conductivity i s  

where the subscr ipt  i refers to the sepa ra t e  l a y e r s  in the fin. 
In designing heat exchangers,  i t  is important to know not only the heat 

t ransfer  coefficient but a l so  the d rag  coefficient. Since the resu l t s  of 
experimental  s tudies  show that in the c a s e  of heat exchangers compris ing 
m o r e  than two rows of finned tubes, the d rag  coefficient is virtually 
independent of the number of rows, the total  p r e s s u r e  drop may be 
descr ibed by the equation 
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where  wL and yL are determined a t  the mean tempera ture  and the m e a n  gas 
p r e s s u r e  in  the heat exchanger. 

b C 

Types of investigated finned tubes. 

a - smooth soldered fins; b - fiber-reinforced fins; 
c - knurled fins. 

In o rde r  to de te rmine  the thermal  and d rag  charac te r i s t ics ,  we studied 
about 30 different finned- tube distribution pa t te rns  in the f o r m  of experi
menta l  banks with a face c r o s s  sect ion of 0.320 X 0.320m. T h r e e  types of 
finned tubes were  used: in the f i r s t  type the main  tube was fitted with 
soldered squa re  and rec tangular  fins; in the second type the f ins  were  
formed by a hel ical  corrugated s t r ip ;  and in the third case  the fins were  
knurled f rom a thick-walled tube. A schemat ic  view of the distribution 
pat tern of the finned tubes f o r  which we var ied  the geometr ica l  dimensions 
is presented in the f igure,  and detai ls  of the dimensions are repor ted  in 
1111. Most measu remen t s  were  ca r r i ed  out with air p r e s s u r e  close to  
a tmospheric ,  but in s o m e  cases, the finned tubes designated for  synchronous 
hydrogen t urbogenerat ors w e r e  tes t  e d in media  with var ious  hydrogen 
contents. The  t e s t s  were  c a r r i e d  out with air heated or cooled by water. 
The  maximum tempera ture  of the air was  393"K, and that of water  was  
353'K. The d iscrepancies  in  the thermal  balance were  within f2 70. 

The  heat t r ans fe r  coefficient inside a tube during turbulent flow was  
determined by  calculation, s ince the heat t r ans fe r  coefficient on the f ins  
could be calculated by using equations (1) and (5). The  d rag  coefficient was  
calculated using equation (7) on the bas i s  of the measured  p r e s s u r e  drop. 

The  experimental  r e su l t s  w e r e  processed  in the fo rm of dimensionless  
functions. 
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We neglected the effect of the P rand t l  number,  which is approximately 
constant for  gases  of the s a m e  atomic weight. The  boundary l aye r  
temperature  was taken a s  the decisive cr i ter ion for  the the rma l  
conductivity and the kinematic viscosity. I t s  value was determined f rom 
the equation 

where,  for  slight cooling with water ,  

T h e  g a s  velocity was determined by taking into account the minimum 
flow c r o s s  section in the exchanger,  the ar i thmetic  mean temperatures ,  
and the mean p res su re .  The  equivalent diameter  (according to Harr ison)  

where the t ransfer  su r f aces  F; and F; a r e  the su r faces  of the respect ive 
single tubes and n, is the number of fins,  w a s  taken a s  the decisive 
cr i ter ion.  

The  experimental  resu l t s ,  supplemented by s o m e  data f rom the 
l i t e ra ture  1 2 ,  T /  (which could be processed by the above method), showed 
l a rge  deviations with r e spec t  to the Nussel t  number and especially with 
r e spec t  to the d rag  coefficient. In o r d e r  to present  the r e s u l t s  in the form 
of a single function, we analyzed the effect of the geometr ic  dimensions of 
the finned tubes, thus deriving equations f o r  a dense distribution with an 
ideal metal l ic  bond between the fins and the main tube and for banks with 
m o r e  than two finned tubes. 

In the c a s e  of finned tubes in a s taggered bank  

for  	S ' - d , > l  
~3 -d,  

( s, d,d,  )-',*(s ,  ; d ,  )-','( - sI9-d,  io' Nu =0.251 -
-d l  

T h e  above equations a r e  valid with an accuracy of *20% for  all 
investigated types of finned tubes over  the following ranges: R e  = 1- lo3  
- 1 - IO5; de= 0.01617 - 0.0341 m; e'= 0.48 - 1.64; + 1 = 1.34 

d,
25.2; = 0.45 - 2.53. 

s,-d, 
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In o r d e r  to check the observed effect of the geometr ic  dimensions in the 
case  of f ins  of markedly  different shape, the above method was used to 
p rocess  the experimental  r e su l t s  of Tulin / I O /  fo r  tubes with copper wi re  
fins. The  r e su l t s  sat isf ied (with an  accuracy  of rt 1 0 % )  the equation 

The  dimensionless  equations der ived above, which are valid fo r  heat 
t r ans fe r  in turbulent flow regions,  are vir tual ly  independent of the shape 
of flat f ins ,  all other  conditions being equal. In o rde r  to determine the 
d rag  coefficient, i t  is necessa ry  to c lassi fy  the finned tubes into groups 
according to  the fin shape: smooth f ins ,  para l le l  fins, and knurled helical 
fins, helical corrugated f ins ,  and finally, w i re  fins. The  d rag  coefficients 
can be calculated with an accuracy  of * 20 To by the following equations: 

smooth f ins  

corrugated f ins  formed by deformation of a wound wire  

wi re  f ins  

Tubes  with smooth ( square  or rectangular)  f ins  were  tes ted in banks 
a r r ayed  in-line, a s taggered a r r a y  being m o r e  sui table  fo r  tubes with 
round fins. Despite the r a the r  extensive range  of var ia t ion of the 

pa rame te r s  ( d e  = 0.02235 - 0.1612 m,  --SI--t - 0.72 - 1.86,  -+ 1 = 
dt ' dt 

= 2.1 - 29.2). we were  unable to es tabl ish the exact effect of the geometr ic  
dimensions on the heat t ransfer .  However,  sat isfactory agreement  between 
the experimental  r e su l t s  could be obtained by employing the equivalent 
diameter ,  s ince the heat t ransfer  sa t i s f ies  the following equation (with an 
accuracy  of zt2OT'): 

Nu =0.183 Re0-53. (17) 

The  d rag  coefficient obeys the foliowing equation 

0.9 4 . 9  0.9(2)(7) 4.1 
( 1 8 )5 =0.72 (G+2) (v) S2-d 

The  genera l  equations for  the heat t r ans fe r  and d rag  coefficient, which 
are valid over  a wide range of values of the var iable  pa rame te r s  (and which 
take into account the effect of those parameters )  are a fairly sa t i s fac tory  
expression of the laws governing the phenomena occurr ing  on var ious  types 
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of fins during turbulent gas  flow. The  equivalent diameter  calculated by 
means  of equation (10) gives good correlat ion between values, but is not the 
main fac tor  determining the boundary between turbulent and laminar  flows. 
T h i s  is determined by the hydraulic d iameter  d h = 4 f / 0  for  the narrowest  
c r o s s  section between the tubes. For different finned tubes, the t ransi t ion 

- -)flow region fluctuates between Re' values  (ReI - WL d h  of f rom 500 to 1500. 

I t  is obvious that when the equivalent d iameter  is used ( f rom (10))it is 
necessa ry  to s ta te  the range of application of the der ived equations fo r  each  
type of finned tube. Thus ,  i t  is recommended to l imit  that range to 
Re" > 1000. The  upper l imi t  of Reynolds numbers  could not be attained with 
the setup we used. I t  could, however, be assumed that by analogy with 
smooth tube banks, a s imi la r i ty  region (with constant d rag  coefficient 
and a sha rpe r  dependence of N u  on Re) would be established a t  Re  <I-lo5 
3.105. 

Since in the equations der ived above, the effect of geometr ic  dimensions 
on the heat t r ans fe r  does not exceed rt 1 0  70, the above equations m a y  be 
used a l so  to determine the optimum fin dimensions for  the specific case 
under consideration. T o  this end, i t  is necessa ry  to compare different heat 
exchanger designs under s imi l a r  conditions. Assuming that the front c r o s s  
section of the heat exchanger and the amount of heat t r ans fe r r ed  are 
constant, we should have equal m a s s  fIow r a t e s  (of the gas) for  equal inlet 
and outlet gas  tempera tures ,  s o  that for  an equal tube w a l l  temperature ,  
the evaluation c r i t e r i a  should be based on the power consumed to pump the~. 

gas,  the heat exchanger volume and weight, and the amount of heat per  
Qunit -.-.-Q Q 

AN v G' 
For the selected tube diameter ,  the above c r i t e r i a  are functions of the 

pitch of the fins, the fin thickness, and the fin diameter: 

At maximum QIAN, the optimum fin dimensions may be determined by 
solving the sys t em of equations 

f o r  which the function m a y  have an extremum. The  optimum of the function 
CD m a y  be determined in a s imi l a r  way. 

The  above method of solution is cumbersome (due to  the complexity of 
the functions) and r equ i r e s  a knowledge of the exact nature  of the changes 
nea r  the extremum; hence, the problem was  solved graphically. As a 
working example, we selected a finned tube with paral le l  round s t ee l  f ins  
mounted in a s taggered array on s t ee l  tubes having a constant wall thick
ness  of 0.001 m.  The  calculation was  ca r r i ed  out f o r  air a t  a p r e s s u r e  of 
9.8 - I04n /m2  and 50°C, assuming that the heat t ransfer  coefficient within 
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the tube was  infinitely large. T h e  values  of the var iab le  pa rame te r s  ranged 
within the following limits: dl  f rom 0.010 to  0.030m; u/d, f rom 0.1 to 0.4; 
b,/dtfrom 0.005 to 0.05; R/rl f rom 1-3; the air velocity before  the heat 
exchanger ranged f r o m  1 to 20 m/  sec. The  shape of the curves  descr ibing 
the function showed that a t  the maximum Q/AN the value of R/r, ranged f rom 
1.6 to  2.2; consider ing the amount of ma te r i a l  used and the sma l l  volume 
of the heat exchangers ,  i t  would be advantageous to  use s m a l l e r  values of 
R/r,and the value of R/rl= 1.8 m a y  be regarded  as the optimum. The  
distance between the f ins  should be smal l ,  but not s m a l l e r  than u/d,= 0.05, 
s ince  a s h a r p  dec rease  in QIAN takes place at s m a l l e r  values. F r o m  the 
standpoint of power consumption, a somewhat higher  value of is be t te r  
a t  high air velocities, u/d,= 0.1 being regarded  as sat isfactory.  

At maximum QIAN, the optimum fin thickness cor responds  to  bJdl = 0.02, 
while fo r  Q/G , 6,/dl= 0,005, Since the changes in Q/v are little affected by 6Jdt 
at b,/dl> 0.01, we may a s s u m e  that the optimum value is &Idt = 0.01. The  
tube d iameter  should be  as sma l l  as possible. Reducing the d iameter  f rom 
0.020 to 0 .OlOmcausesan- 1 6 %  decrease  in the drag, a 63% dec rease  in 
the volume of the heat exchanger, and a 507'0 dec rease  in the weight of the 
finned tubes. 

In  o r d e r  to  explain the effect of the thermal  conductivity of the f ins  on 
their  optimum dimensions, we ca r r i ed  out analogous calculations fo r  copper 
fins. The  r e su l t s  show that a t  maximum Q/AN the optimum re la t ive  fin 
dimensions are somewhat higher than in  the case of s t ee l  f ins  ( R / r l =  2-2.5). 
In o r d e r  to s implify the production of finned tubes f rom different ma te r i a l s  
we m a y  assume,  however, that the above value of Rlq is sa t i s fac tory  in  the 
case  of copper f ins  as well, s ince the dec rease  in QIAN is compensated for  
by an  inc rease  in  QfG and a much g rea t e r  i nc rease  in  Qjv. The  optimum fin 
thickness cor responds  to  &Idt= 0.005, and the dis tance between the f ins  
should be small ,  but not s m a l l e r  than u/dl = 0.05. 

In  o r d e r  to compare  the effect of the a r rangement  of finned tubes on the 
main heat exchanger proper t ies  we ca r r i ed  out calculations f o r  two heat 
exchangers  m a d e  of identical finned tubes with round f ins  a t  the optimum 
R/rt= 1.8, the only difference being the tube a r rangement  ( s taggered  o r  in-
line). An analysis  of the r e su l t s  shows that the [hydraulic] r e s i s t ance  of 
the heat exchangers  was  roughly the same ,  but the volume of the heat 
exchanger with the in-line tube a r rangement  was about 43% grea te r ,  while 
the weight of the finned tubes was  2 5 %  grea ter .  The  difference between the 
two types of heat exchangers  d isappears  only a t  higher values of R/rl. 

In o rde r  to  elucidate the effect of square  f ins  on the heat exchanger s i ze  
we compared two heat exchangers  made  of finned tubes with round and 
square  fins; the tubes were  mounted in  an in-line a r rangement  s ince a 
s taggered array would lead to differences in  the diagonal pitch. The  use 
of square  f ins  is m o r e  advantageous s ince  in  that case,  the heat exchanger 
res i s tance  is 25% lower, the volume is 1.570sma l l e r ,  and the weight is 
9 %  less. 

S y m b  01s 

A - the mechanical  equivalent of heat; d - diameter ;  F - heat- t ransfer  
surface;  G -weight; k - heat- t r ans fe r  coefficient; N - power consumed 
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to  pump the g a s  through the heat exchanger; n - number of elements;  A p  -
p r e s s u r e  difference; Q - amount of heat t ransfer red ;  R - fin radius;  r -
radius;  SI, SZ, SS- t r ansve r se ,  longitudinal, and diagonal pitch of the finned 
tubes; t - temperature;  u - distance between fins; u - volume; w -
velocity; a - heat t r ans fe r  coefficient (overal l ) ;  y - specif ic  gravity; 
6 - thickness; f - drag  coefficient; qz - fin efficiency; e - t e m p e r a t u r e  
difference; h - t he rma l  conductivity coefficient; Y - kinematic viscosity. 

S u b  s c r i p  t s :  e - equivalent; L - gas,  total  sur face  in  contact with 
the gas; s -mean;  t - tube, ou ter  tube surface;  v -water,  inner  tube 
surface;  z - fin. 
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A. I. Mitskevich 

EFFICIENCY OF HEAT TRANSFER SURFACES 

Much attention has  recent ly  been given to the intensification of heat 
t ransfer  processes .  The  ex t remely  l a rge  amount of experimental  data  
accumulated necess i ta tes  a s tandardized and well-based generalization. 
A method fo r  evaluation of the efficiency in convective heat t ransfer ,  which 
can be applied to  different sur faces ,  is proposed in this  paper .  

In this method, a s tandard heat t r ans fe r  sur face  to which all other  
su r faces  are compared and the heat t r ans fe r  sur face  under consideration, 
both occupying the s a m e  construction volumes, are studied a t  equal power 
consumptions ( for  the pumping of the heat t r ans fe r  medium); the r a t io  of 
the amoilnts of heat t r ans fe r r ed  a t  equal tempera ture  gradients  (between 
the heat t r ans fe r  sur face  and the medium) is then determined. Th i s  r a t io  
will be known below as the efficiency coefficient. 

T h i s  method is a fu r the r  development of an idea proposed by Kirpichev 
/ 1 / ,  f rom which i t  d i f fers  only in  the introduction of a s tandard sur face  
f o r  comparison purposes ,  s ince the r a t io  of the amount of heat t r ans fe r r ed  
to  the power consumed to pump the heat t r ans fe r  medium is by itself 
a rb i t r a ry ,  and being mos t  favorable in the case  of l a rge  heat exchangers, 
i t  does not favor  the use of m o r e  compact heat exchange equipment despi te  
the modern  t rend toward such  compact units. 

An important  feature of the method is the fact that the heat t ransfer  
sur faces  a r e  compared on the bas i s  of equal construction volumes r a t h e r  
than equal sur face  a reas ,  which el iminates  the ambiguity in the interpreta
tion of the experimental  r e su l t s  observed when other  methods are used 1 2 1 .  

The  efficiency m a y  be determined by analyt ical  calculations if we know 
the heat t r ans fe r  and hydraulic res i s tance  functions fo r  the sur faces  to be 
compare d. 

Thus,  i f  we know the following functions f o r  the given surface: 

f = alRPfi, ( 1) 

the amount of thermal  energy t ransfer red  p e r  unit construction volume 
compris ing the heat t ransfer  su r f ace  would be 

B, = 
Af,Gc, S t h  = -Gc,, At,.

Lf fF 
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By writing the flow r a t e  in t e r m s  of the Reynolds number 

G = R e E ,  (4)4 

we obtain from (2), ( 3 ) ,  and (4)  

shE,  = -- Ala8Rem.+' Prml+'A, f,+. ( 5)
4 fF  

The power needed to overcome the hydraulic r e s i s t ance  in  a unit construc
tion volume occupied by the channel of the heat t r ans fe r  surface c a n  be 
represented by the equation 

Efr = 	G A P-
Y L f  

which does not take into account the compressibi l i ty  of the heat t ransfer  
medium. Since 

we obtain from ( l ) ,  ( 6 ) ,  and (7) 

In  agreement  with the above s ta tement  concerning the possibil i ty of 
comparing different channels f rom the standpoint of heat t ransfer  efficiency, 
we use  one such channel as a standard.  Using the subscr ipt  "0" to denote 
the constants r e fe r r ing  to the s tandard,  we obtain from (5) and (8) 

F r o m  ( 8 )  and ( l o ) ,  we determine the relationship between Re and Re,, for  
which we would have the s a m e  power consumption in pumping the heat 
t ransfer  medium through a unit volume occupied by the channels in the 
standard and in the sample to be compared with it: 

By substituting equation (11)  in (5), we obtain an expression for  the amount 
of t he rma l  energy withdrawn f r o m  a unit construction volume of the sample 
in the c a s e  3f equal power consumption in pumping the medium through the 
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sample and through the standard: 

T h e  su r face  efficiency coefficient determines the r a t i o  of the the rma l  
ene rg ie s  t r ans fe r r ed  to the sample and to the s tandard a t  equal power 
consumptions in pumping the heat t ransfer  medium: 

q = - E 
El, 

Combining (9), (12), and (13), we obtain 

Equation (14) may  be writ ten in t e r m s  of cofactors:  

In the above equation, 

is a coefficient accounting p r imar i ly  for  the effect of the geometr ic  
p a r a m e t e r s  of the s tandard and the sample; 

is a coefficient accounting for  the effect of the s t r e a m  turbulizing; 

is a coefficient accounting f o r  the the rma l  propert ies  of the heat t ransfer  
medium. 

Equation (11) established the relationship between the Re numbers  a t  
which we need the s a m e  power to pump the heat t r ans fe r  medium through 
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equal volumes of the standard surface and the compared surface.  The  
ra t io  of the amounts of heat t r ans fe r r ed  under these conditions is determined 
using equation (14). 

We should mention that in the c a s e  of heat t ransfer  of a complex nature,  
i. e. ,  when the purely convective heat t r ans fe r  a l so  involves thermal  
conductivity, the experimental  data on heat t ransfer  should be expressed 
(according to ( 3 )  and (4))  a s  follows: 

St = f (Reobs probs)? (19) 

where 

Reobs = Re (?)"I, 

The  values of the exponents n1 and i i2 are determined from 

I - n
n l =  -, 

m - n  
m - In2 = .~ 
m - n  

where m and n correspond to the exponents i n  the equation for a " p u r e "  
heat t ransfer ,  i. e . ,  fo r  f ins with infinitely la rge  the rma l  conductivity 
(St - aRemPr"). 

If the previous calculations are c a r r i e d  out for  the above mos t  general  
case,  we find that equations (1I ) ,  (16), and (17) r ema in  unchanged, while 
equation (18)  a s s u m e s  the fo rm 

Equations (ll), (16)-(18), or  ( I I ) ,  (16). (17), and (20)  make i t  possible to 
compare the efficiency of different su r f aces  tested with different heat 
t ransfer  media  under different flow conditions (longitudinal, t r ansve r se ,  
internal,  external) ,  with smooth and Pinned tubes. In  all cases ,  the su r face  
to be compared was character ized by a value of n, which was a function of 
the Re, number of the s tandard surface.  T h e  efficiency coefficient a s s u m e s  
a ve ry  s imple fo rm in c a s e s  in which the compared su r faces  are in contact 
with the s a m e  heat exchange medium under the s a m e  conditions. In such 
a case,  q is a m e a s u r e  of the inherent t he rma l  efficiency of the surfaces .  

Another l imiting c a s e  involves identical  su r f aces  in contact with different 
heat exchange media.  In such a case,  the coefficient 1 r evea l s  the effect of 
the heat exchange medium on the efficiency of heat t ransfer .  Examples  of 
the changes in 9 in such c a s e s  are shown in F i g u r e s  1 and 2 .  
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FIGUIK 1. Effect of heat exchange media on the FIGURE 2. Comparison of heating surfaces 
efficirncy of lieat transfer. having the same volumes and working with 

the same heat transfer medium under the
For the turbulent region: upper line -helium, 
middle l ine - carbon dioxide. and lower l ine-

same physical conditions. 

nitrogen. It is assumed that ? = 1 for hydrogen. 

The  method is extremely s imple to apply in c a s e s  in which i t  is 
necessa ry  to compare the efficiency of su r faces  a l r eady  having the s a m e  
construction volume (e. g . ,  investigation of the effect of different turbul izer  
baffles in the s a m e  tube), when they are tested with the s a m e  heat t ransfer  
medium under equal conditions. 0 In such a case ,  f rom the available 

experimental  data in the f o r m  of functions A P=f, (G) and -Q =f2 (G) ,  we 
t w - 4 ,  

APGcalculate the values of N f r =  -for  the compared su r faces  and plot a 
Y 

graph for  the Reynolds number as a function of the flow ra te  
G (F igu re  2).  

Afterward, by assigning some  value to Nf,.. ( t o  which the re  is a 
corresponding value of Go and hence of Re,,), we obtain the corresponding 

values of ~ 

f w- t* for  the compared surfaces .  T h e  r a t i o  of the las t  values 

gives  the efficiency coefficient 

T h e  above method is ve ry  convenient in experiments  to find effective 
surfaces ,  s ince a comparison m a y  be made  on the b a s i s  of four tes t s  (two 
s e t s  of conditions for  each surface) .  

A s  a rule, heat exchangers consis t  of a row of identical  e lementary 
channels operating in parallel .  T h e  unit volume of such a heat exchanger 
m a y  be selected by assuming an  a r b i t r a r y  channel length. However, if the 
heat t r ans fe r  channel lengths for  unit volumes in the compared heat 
exchangers are assigned a r b i t r a r y  values, the deg ree  of heating of the 
heat t r ans fe r  medium in the channels m a y  be different even a t  equal 
t empera tu re  gradients  between the heat t ransfer  su r f ace  and the medium 
and equal power consumptions for  the pumping of the heat t r ans fe r  medium. 

It is common pract ice  to l imit  the upper o r  lower t empera tu res  (or  both 
temperatures)  of the heat t r a n s f e r  medium. Thus,  for  a complete 

[The physical conditions with respect to the medium, i .e. ,  pressure, temperature, e tc . ]  
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evaluation of different heat t r ans fe r  surfaces ,  le t  u s  compare  the channel 
lengths required to obtain an equal degree of heating of the heat exchange 
medium. 

The  channel length requi red  to obtain a tempera ture  gradient At,  in the 
heat t ransfer  medium can be calculated f rom the equation 

L = -F Re-m. ppn, ht,~ tw O+)-"-m~ (22 )
ha2 

( the above equation i s  derived by substituting (19) and (2) in (5)). By
writing equation (22)  f o r  the standard,  w e  obtain the requi red  coefficient 
in the form 

where 

-
3 2  


E.=(%) 


If the heat t r ans fe r  i s  of a simple nature and does not involve thermal  
conductivity, we should assume in equations (22 )  and (26)  thatnl=n,=O. 
If the heat t ransfer  in the standard i s  a lso simple,  we have nlo=r t20=0.  

In practice,  it  i s  convenient to use a s  the standard a c i r cu la r  tube with 
internal flow of the heat t ransfer  medium. 

S y m b o l s  

E - r e s i s t ance  coefficient; a,. aZ, m,, m 2 .  m3,n,. n2 - dimensionless 
coefficients; A t ,  - t empera ture  gradient in the heat t r ans fe r  medium; 
A 1 ,  - t empera ture  gradient between the heat t r ans fe r  sur face  and medium; 
F - flow c r o s s  section, m2; h - per ime te r  of heat evolution, m;  L - length 
of the heat exchanger, m;  G - flow r a t e  of the heat t r ans fe r  medium, 
kg/sec;  f - s t ruc tu ra l  c r o s s  section of the heat exchanger, m2; p -
dynamic viscosity of the heat t r ans fe r  medium, sec /m2;  s -wet ted 
pe r ime te r ,  m; A, - thermal  conductivity of the heat t r ans fe r  medium, w/m°K; 
1, - thermal  conductivity of the wall mater ia l ;  d ,  - hydraulic d iameter ,  m;  
Y - density of the heat t r ans fe r  medium, kg/m3;Efr,  E l  friction energy  and 
t r ans fe r r ed  thermal  energy, respectively,  w/m3; A P - p r e s s u r e  drop, n/m2; 
q- efficiency coefficient; N f r  -power needed to overcome the friction, w; 
Q - amount of heat, w; 8 - length ra t io  coefficient. 
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V .  CONVECTIVE HEAT TRANSFER UNDER 
UNSTEADY-STATE CONDITIONS 

Yu. L. Rozenshtok 

THE UNSTEADY LAMINAR THERMAL BOUNDARY 
LAYER ON A SEMI-INFINITE PLATE IN A 
VISCOUS LIQUID FLOW 

The  investigation of unsteady-state effects in the dynamic, thermal ,  and 
diffusion laminar  boundary l a y e r s  under forced convection conditions is of 
e v e r  increasing importance because of their  extensive pract ical  application. 
The  usual methods for  the approximate solution of the unsteady-state 
problem (based on the presentation of the velocity and temperature  fields 
a s  s e r i e s  converging over sho r t  or  long t ime periods,  a s  well a s  on iner t ia  
methods) a r e  very cumbersome and do not always yield the c o r r e c t  physical 
representat ion of the investigated p rocess  in the transit ion region. Hence, 
use of the integral  method of Karman-Pohlhausen in solving the problem of 
formation of the boundary layer  appears  ve ry  promising. In many cases ,  
the u s e  of this  method to solve dynamic and thermalboundarylayer  problems 
yields r e s u l t s  with an accuracy sufficient for  pract ical  purposes.  Thus,  a 
solution of the s teady-state  problem for  heat t ransfer  on an isothermal  
plate under forced convection conditions / 1 , 2 / ,  with proper  approximation 
of the velocity and temperature  profiles,  yields resu l t s  that a r e  in good 
agreement  with those obtained by an exact solution 1 3 1 .  

By neglecting the viscous dissipation and the changes in the viscosity 
and in the the rma l  cha rac t e r i s t i c s  of the fluid (as a function of temperature) ,  
we obtain, for  a plane unsteady laminar  boundary layer  for  homogeneous 
flow of the flowing fluid, equations in the following forms:  

E+uaT d2T- + u  -aT = -v 
dt dx ay 0 dy2 ' 

au dv-+ -=o ,  
ax ay 

where a is the P r a n d t l  number ( the remaining symbols having the convention
al meaning). By integration of equations (1) and (3)  over  the thickness of 
the dynamic boundary layer  6,  and equation (2) over the thickness of the 
the rma l  boundary layer  6T, the P rand t l  equation is converted into the Karman  

Tw-Tintegral  equations for  dimensionless var iables  'p = u/u, and 6 = -' 
T v  -To' 
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where uo and To a r e  the free flow velocity and temperature  and Tv is the 
wall temperature .  

In the case  of an isothermal  plate in a uniform motion s ta r ted  by impulse 
f rom a s ta te  of r e s t ,  the boundary and init ial  conditions have the form: 

We approximate the velocity and temperature  fields in the boundary layer  
by parabolas of the fourth degree: 

'P = 27 -271~+I' (I= YN, 
6 = 27r -21: + I; (9,= yfi,). 

We shal l  now examine consecutively the c a s e s  of 0 = 1 ,  07 1 and o < I .  

Prand t l  number equal to unity 

By substituting ( 1 0 )  in (4),  we obtain a differential  equation in t e r m s  of 
par t ia l  derivatives of the f i r s t  order :  

Equation (12 )  may be solved by var ious methods (Laplace t r ans fo rms  
for  one o r  two var iables ,  the s imi l a r i t y  method, but in o r d e r  to maintain 
uniformity in subsequent presentation, we shal l  solve i t  by the c lass ica l  
method of cha rac t e r i s t i c s  141. The  sys t em of equations for  the 
cha rac t e r i s t i c s  of (12) may  be writ ten a s  follows: 

Taking into account the z e r o  init ial  conditions, we obtain the following 
solution of the sys t em (13):  

6 = 5.83 1/2 ( x  < X H ) ,  
UO 
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T h e  value of x,, determining the boundary of the dynamic wave is found 
f r o m  the first equation in (13): 

YH =0.392ud. (16) 

Thus,  as has  been mentioned in the analysis  of the unsteady dynamic 
boundary l aye r  /5 ,6 /  equation (12) cha rac t e r i zes  the propagation of the 
s teady state in the velocity profiles. 

When x<w,,  equation (14) coincides with the solution of the steady- state  
problem, while for  x>x,,, equation (15) yields the solution of the Rayleigh 
problem obtained as a resu l t  of omitting the convective t e r m  in (1) ( a t  
s m a l l  t ) .  

T h e  velocity of the uniform motion of the dynamic wave is 

WH=0.392Uo. (17) 

Thus,  a steady-velocity profile is established a t  the point with coordinate x 
af ter  a t ime t equal to 

t =2.552 . 
UO 

Since a t  rr = 1 the equations descr ibing the dynamic and the rma l  
boundary l a y e r s  a r e  equivalent, the above conclusions a r e  a l so  valid for  
the formation of the the rma l  boundary layer  a t  a = 1. I n  this par t icular  
case ,  the hydrodynamic wave boundary YH (which cha rac t e r i zes  the r a t e  of 
stabil ization of the hydrodynamic boundary layer)  coincides with the the rma l  
wave boundary XT (which cha rac t e r i zes  the r a t e  of stabil izationof the the rma l  
boundary layer) ,  i ,e. .  (x,,=x,.). I n  general ,  a t  a f l ,  the r a t e s  of establish
ment of s teady t empera tu re  and velocity a r e  different. Thus,  a t  a<l, the 
heat advances with r e spec t  to the dynamic wave, while a t  u > l  the heat wave 
fa l l s  behind the dynamic wave. Thus,  in general ,  there  a r e  four  different 
velocity and temperature  distribution zones (F igu re  1): zone I with s teady 
velocity and temperature  profiles;  zone I1 with unsteady velocity and 
temperature  profiles;  zone I11 with a s teady velocity profile but fa i r ly  
unsteady temperature  profile; and zone I V  with unsteady velocity profile 
and almost  s teady temperature  profile. I t  is evident that zones I, 11, and I11 
exis t  a t  o>l ( x I I > x T ) ,  while zones I, 11, and I V  exis t  a t  o<l ( X H < X r ) .  Zones 
111 and I V  do not exist  a t  a = l  . 

- a 
I N I4 I n 

' / / / / / / . / / I / / / / / /////////// 

- b 
u, 1, 1/1 

X X  

ff
7 /  / / / / /, / ,/ / / / / / / / / I/ /////// 

C 

X" xr  uo= 
-

? I N I? 
/ /  / / /  / / / / / / /  / /  / / /  / /  / /,/,//, 

FIGURE 1. Schematic view of the formation of the 
dynamic and thermal boundary layers a t  o=l (a); 
o>l (b); and o<l (c ) .  
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Prand t l  number g r e a t e r  than unity 

In the c a s e  of P rand t l  numbers  g r e a t e r  than unity, the integral  cr-Tdition 
for  a local t he rma l  balance a s s u m e s  the form 

In view of the s m a l l  changes in the t e r m  in parentheses  a t  0 4  �41, i t  
m a y  be replaced by i t s  average values in the above range (which is equal 
to 1/8L 

The  sys t em of cha rac t e r i s t i c s  for  equation (20) is writ ten in the form 

32vdx 4 0 v d l  d a-

The  sys t em (21)  is decomposed into three equations: 

dxi.= 0 . 4 1 6 ~ ~dt E, 

The  init ial  conditions for  equations (22)-(24) have the form x,(O)=O; + r ( O ,  t ) =  
= 0; q T ( x ,  0) = 0. Equation ( 2 2 )  is analogous with the corresponding equation 
(17) and determines (as we shal l  show below) the velocity of the heat wave 
front  that causes , the  establishment of a steady, or  a lmost  steady, tempera
ture  profile a t  x <xT,  while an unsteady temperature  profile pers i s t s  a t  x 7 xT. 
Since for  a > 1 we have E < 1 ,  the velocity of the heat wave front i s  s m a l l e r  
than the velocity of the dynamic wave front,  which is in agreement  with the 
above assumptions.  At a =  1, equations (22) and (17)  yield almost  identical  
resu l t s .  The  N 6 %  difference in the multiplier constants is attr ibuted to 
the approximations made  in the transit ion f rom equation (19) to equation (20).  
In the c a s e  discussed here ,  zone I is defined by the condition 0 4 x < x T ,  
zone I1 by the condition x > x H ,  and zone I11 by xT <x <x H .  We now 
analyze the effects in each of the zones separately.  

Z o n e  I .  
Since a s teady velocity profile ex is t s  in  zone I, in  accordance with (14) 

we have 

(25) 
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T h e  simultaneous solution of (25) and the differential equation (23), taking 
into account the z e r o  initial condition, sa t i s f ies  the express ion  

which indicates  a s teady  tempera ture  profile in zone I: 

8~ = 5.72 fz 0-'/3, (27) 

and which is in agreement  with the known solution of the steady-state 
problem 1 2 1 .  

Z o n e  I1 

In  zone I1 we have an  unsteady velocity profile, and from (15)  we obtain 


'br = 40 v t  �2. 

T h e  simultaneous solution of (28) and the differential equation (24) is: 

E = 0-10, (29) 

Thus,  a s t r ic t ly  unsteady tempera ture  profile ex is t s  in zone 11: 

Z o n e  I 1 1  
Zone I11 is the t ransi t ion zone between I and 11. By introducing a new 

u tvariable E = 0,392 L,we obtain f rom (14) and (24),
X 

Equation (31) is l inear  with r e spec t  to the independent var iable  5 .  The  
in tegra l  of the above equation fo r  the z e r o  initial conditions is determined by  

5 =20 exp (- 0.7080~~)jE exp" ( 0.70802) d E. (32)  

At small E an  approximate solution m a y  be obtained by  expanding the 
in tegra l  (32)  into a series: 

which a t  sufficiently small E yields  
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or  

Equation (35) corresponds to the unsteady par t  of the problem. 
We shal l  now determine the heat t ransfer  in zones I ,  11, and 11: 

[I xIn the above equations Nu, = -, Re, = 
u x  and Fo, = -

v t  a r e  the local Nussel t ,
h 0 x2 

Reynolds, and F o u r i e r  numbers ,  3. is the overal l  heat t ransfer  coefficient, 
and ?, is the the rma l  conductivity coefficient of the fluid. 

W e  now determine the velocity of the heat wave front. A t  the s ide of 
the s teady wave end, the expression for  E would be determined by equation 
(27 ) .  By substituting i t  in (32) we obtain 

o r  

If the solution of equation (19) is not based on simplifying assumptions,  
we obtain (by analogy with the above) 

Since an exact solution of the s teady-state  problem indicates that 

we obtain 

I t  is obvious that a t  u = 1, equation (43)is t ransformed into (17). 
Equation (40) for  the transit ion t ime to a steady s ta te  i s  in fa i r ly  good 

agreement  with a s i m i l a r  equation derived by C e s s  / 7 / ,  who used a method 
based on finding an asymptotic solution for  sho r t  and long periods and the 
combination of the obtained solutions in a Laplace t ransform plane. C e s s  
obtained the following expression f o r  the transit ion time: 

t = 2.88 5 3113 . (44)
4 3  
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The  Goodman 181 equation for  the transit ion t ime differs f rom equations 
(40) and (44); the numerical  value of the constant is about half the value of 
that in (40). W e  a r e  of the opinion that the Goodman equation i s  inaccurate,  
since i t  does not yield the t rue  boundary transit ion at  a = 1 in accordance 
with (17).  I t  can be shown that this i s  caused by the fact that the p rocesses  
leading to the establishment of a dynamic boundary layer  a r e  neglected (in 
/ 8 / )  in solving the problem. Indeed, if we a s sume  at  the ve ry  beginning that 
the velocity profile in (20) is steady, we find that the t ime needed for  the 
establishment of a s teady-state  temperature  field in accordance with the 
derived sys t em of cha rac t e r i s t i c s  would be half the t ime in (40),  i. e . ,  the 
resu l t s  would be the same as those of Goodman. 

P rand t l  number s m a l l e r  than unity 

By taking into account the penetration of the the rma l  boundary layer  into 
the region of a hydrodynamically unperturbed flow, we obtain 

1 
~~ 

20v dt 20v dx 

By neglecting the t e r m s  in (45) containing l / e  with an exponent g r e a t e r  than 
unity, which is valid f o r  sufficiently sma l l  P rand t l  numbers ,  w e  obtain 

T h e  sys t em of charac te r i s t ic  equations for  (46) 

40ve dx 40v dt d%--= 
&,a(�- 1) - k 3u,a+, d a  ’ (47)

-
2ovE* ax 

is reduced to three ordinary differential  equations: 

The  init ial  conditions for  equations (48)-(50) are the s a m e  as for equations 
(22)-(24). Since a t  o<l  we have e>l, equation (48), which determines the 
velocity of the heat wave front,  shows that the heat wave moves in front of 
the dynamic wave, a t  l eas t  i f  e>1.7. We shal l  show below that a m o r e  
detailed analysis  leads to the conclusion that the above s ta tement  is valid 
f o r  all values of the P rand t l  number  s m a l l e r  than unity. 

A s  in the c a s e  of o>l, l e t  u s  analyze the dynamic and the rma l  boundary 
l aye r s  at  each  of their  zones. 
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Z o n e  I ( O , < X < X H )  Y 


F r o m  (47) and (14) we obtain fo r  << 1 (E >> I )  


and f rom there  

Equation (52) r e f e r s  to  the s teady pa r t  of the problem and coincides with 
the solution of the s teady-state  problem a t  sma l l  P rand t l  numbers  191. 

Z o n e  I 1  ( x >  n r )  

By introducing the var iable  p = x,we obtain f rom (50) and (15) the 
u,t

following express ion  f o r  zone I1 (with an unsteady velocity profile), f o r  
z e r o  initial conditions: 

e = u-’/? ; (53) 

the above expression yields f o r  the thickness of the thermal  boundary layer  
br another expression that cor responds  to equation (35) and cha rac t e r i zes  
the unsteady tempera ture  profile. 

Z o n e  I V  ( X H  < X < X T )  

Taking into account equations (49) and (14)and condition I ,  we obtain 
for  zone IV: 

u,ta ’.=p (54) 

which yields  an expression identical to (52) for  the value of B T .  When the 
higher powers  of a in (54) a r e  taken into account, there  appear  additional 
t e r m s  that charac te r ize  the transition p rocesses  in the transition zone IV 
f rom a s t r i c t ly  unsteady s ta te  descr ibed by equation (35) to a s teady s ta te  
defined by equation (52 ) .  

The  heat t r ans fe r  a t  u < 1 is descr ibed by the following functions 

By calculating the value of E f rom (53) fo r  the unsteady pa r t  of the heat 
wave, we obtain the foIlowing approximate equation ( in  accordance with 
(48)) fo r  the propagation velocity of the heat wave: 

Wr = u, ( 1  -a’/?). (57) 

A m o r e  accura te  analysis  of the initial equation (45) yields  
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or, by taking into account equation (53) 

1 -a'/2 + -4 
a- -I 

a*+ (59)
9 14 

7
*I7 
4' 


~1
'I 

I I 
Q-2 Io-' I M 6 

FIGURE 2. Graphical presentation of * as a function 

of the Prandtl number a. 

1- calculated by equations (43) and (59); 2 - according 
to /I/. 

In the c a s e  of u = 1, equation (59) is t ransformed into (17) .  F i g u r e  2 

shows values of -%calculated by equations (43) and (59) (curve l),  and for  the 
X 

sake of comparison, values of the same pa rame te r  calculated by the C e s s  
equation (44). 

T h e  conclusion reached on the bas i s  of the above s ta tements  is that an 
a p r i o r i  assumption of a s teady velocity profile during the solution of the 
problem of the unsteady the rma l  boundary layer  is justif ied only if o>l, 
since a t  u<l i t  produces only the s teady par t  of the problem (zone I), the 
solution of which has  been studied to a sat isfactory extent. At the same 
time, a s  we mentioned above, the integral  method yields transit ion t imes 
f rom an unsteady to a s teady s ta te  reduced to half their  actual value. Hence, 
the extrapolation of data obtained by the analysis  of the unsteady- state  
problem in (7)  and (8) (based on a steady velocity profile a t  u<l ,  according 
to Blasius  and Pohlhausen) is not valid. We should mention that an exten
sion of the application of equations of the tyoe of (44)to the c a s e  of s m a l l  
u could confirm the s ta tement  that a t  sufficiently s m a l l  P rand t l  numbers ,  
the propagation velocity of the heat wave m a y  be g r e a t e r  than the f r e e  
s t r e a m  velocity uo. Moreover,  the extension of the longitudinal velocity 
components into a Blasius  s e r i e s  and the use of the f i r s t  few t e r m s  of the 
series alone ( the method used in / 7 / )  can be applied only if a > l .  

In the c a s e  of flow around a plate whose t empera tu re  changes with time, 
a solution m a y  be obtained by using the Duhamel integral ,  and the solutions 
derived above m a y  be used as the transit ion functions. 
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E. K. Kalinin 

DETERMINATION O F  THE STREAM TEMPERA
TURE AND FRICTION COEFFICIENT IN 
CHANNELS DURING UNSTEADY NONISOTHERMAL 
FLOW OF A HEAT-TRANSFER MEDIUM 

The ene rgy  equation r e f e r r e d  to  unit volume for one-dimensional un
s teady  flow in  a channel with heat supply may be  writ ten as: 

where  p is the density; c p i s  the specific heat; f is the time; s is a 
coordinate; T =T ( x .t )  is the mean t empera tu re  in a given c r o s s  section; 
u = u  ( x ,  1 )  is the m e a n  flow r a t e  through the given c r o s s  section; and qav 
is the heat flux r e f e r r e d  to  unit volume of the flowing heat t r ans fe r  medium. 

The heat generated by dissipation and gas  compression work is 
neglected s ince  i t  i s  small in  comparison to qavfor all heat exchangers.  In  
the case of the flow of gaseous heat t r ans fe r  media  a t  Mach numbers  
g r e a t e r  than 0.6-0.7,  the thermodynamic t empera tu re  in  (1) should be  
replaced b y  the impact  temperature .  

Xd-JByapplying(1) t oachanne l  volume element  ( f o ra tube with dv =- -dx)
4 

dv =Fdx 

and introducing the mass flow r a t e  G = puF , w e  obtain 

In the above equation, U is the heated channel (or tube) p e r i m e t e r  (i, e . ,  
0 = r d  ) a n d  q is the specific hea t  flux on unit sur face ,  while q = q ( x ,  1) is a 
known function. 

By substituting the va r i ab le s  X = x;He= 
d 

and 

we t r ans fo rm equation (2) into 
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where  d is the charac te r i s t ic  dimension (i.e . ,  the d iameter  in  the case  
of a tube); To is the charac te r i s t ic  tempera ture  (To = const.); for  a gas  
[p = p ( x , t ) =  var]. 

The  average  velocity over  the channel length is 

For an incompress ib le  medium (or p = p ( t ) )  with a constant velocity over  the 
channel length, u(/)equals  the t rue  velocity in the channel at the given 
moment u ( t ) ,  

4 Gwhere  Nu, and Re = -= pud,,, 
a T,, P "  P 

A s s  u m p  t i o n s .  
1) cp = const. 
2) 	 For  gases ,  we a s sume  in (4) that U/u=l .  When the velocity ove r  the-

length changes by a f ac to r  of 2 ,  the l inear  r u l e  gives  	-3 -!f -3 In the u u 2 '

case  of heating within the coordinates  9,H,, X, the above assumption leads  
to an overes t imate  of the tempera ture  in the en t ry  section of the channel, 
and a cer ta in  underest imate  in the outlet section. However, the r e v e r s e  
t ransi t ion to T ,  t ,  x coordinates  la rge ly  compensates  f o r  this  e r r o r ,  In the 
case of re la t ively slow processes ,  the above assumption is not of impor

aetance s ince f o r  such p rocesses  i t  does not affect a 6-<< - and hence the 
an, ax 

transition to  a s teady s ta te .  
Applying assumption 2 to gases ,  and not applying i t  to  those c a s e s  in which 

the velocity does not depend on X, we obtain equation (4) in the fo rm 

a6 d 6  
-+-= 4 Sto (Ho,X ) . 
ai+, ax 

I t s  general. solution, der ived by the method of charac te r i s t ics  using a 
sys tem of ord inary  equations is 

6 (H,, X)=4 jS to(X +a.  X)dX + f (Ho-X )  ( 6 )  

o r  

X) =4 JSto(no,6 (Hop H ,  -a)dHo +h (H,  -X ) ,  (7) 

where a = H ,  - X .  
The  solution of the Cauchy problem f o r  the region X,<H,<N ( a t  

X=O; 6=+(H,) being a prescr ibed  function) is 
X 

6Wo,x ) = 4  J Sto ( Y f H o  -X ,  Y)d y  + CP (X -Ho) (8) 
X-He 
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or 


The  solution of the Cauchy problem f o r  the region Ho,<X,<Xk (a t  
Ho=O; 6 = ( p ( X )  being a prescr ibed  function) i s  

or 

Equations ( 8 ) ,  (8a) ,  ( 9 ) ,  and ( sa )  give the solution of the problem. 

E x a m p l e  

Let u s  assume: 


.t1) flow r a t e  G = G 0 c b f ;  2)  velocity ; = U & - ~ ' ;  3) heat flux q=90e-o*s inx-=
e -- qOe-"'sinx-;X 4) s t r e a m  tempera ture  a t  the entrance eo=A-Be-<' .  In 

Xk Xthe above equations Go, un, q , s i n r - - ,  and A - B  a r e ,  respectively,  the steady 
x!values of the flow rate ,  the velocity, the heat flux, and the tempera ture  a t  

the entry to the channel, at the moment t = O ( H , = O ) .  It i s  evident that 
the tempera ture  distribution over  the length of the channel a t  the moment 
Ho = O ( t  = 0) ( for  a steady flow) would be 

X 

= 4  ___ sin x -X d X  + A  -BIldq0
$ 4 T o c p G ,  x k  

or 

where 

We have 

ud qo sin x-
X 

Xsto = - -__ x k  = c1efb--oJf sin x -, 
4 T O ~ D G o e - b f  xk  
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but 

and 

F r o m  he re  

a- b 

sin x -

A solution of the Cauchy problem, yielding the s t r eam tempera ture  profile 
in the region HOGX < X,, is obtained by substituting (12) and (10)  in (8a): 

Since at X =0 ( in  view of (11))we have 

by substi tuting (12) in (9) w e  obtain the following expression f o r  the region 
X <  Ho< 00; 

We shal l  s e e  below that a re la t ively simple solution exis ts  even in the case  
of simultaneous change in severa l  of the pa rame te r s .  

The  Navier-Stokes equation 

+ 
4 2 + -8 

p &! = F -grad P + -grad p div w+ 2div p defw,
df 3 

(where 7 a r e  the m a s s  forces  and def i s  the deformation velocit ies tensor)  
may,  by neglecting the m a s s  forces ,  be writ ten in the following form: 

-+ 
pd?= - ( 1  -8 )gradP.

dt 
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From the re 
..+ +

lgrad P = -2 grad pdiv LO) +2 div p def 19).
3 

Thus,  6 = 6 ( x ,  y, z, 1 )  is that par t  of the p r e s s u r e  gradient that is consumed as 
work against the viscosi ty  force,  while (1 - 8 )  is the par t  (of the p re s su re  
gradient) determined by  the unsteady and the nonisothermal s ta te  of the flow 
of heat- t r ans fe r  medium. 

In the case  of one-dimensional flow in  a channel along the axis, equation 
(15) a s sumes  the fo rm 

du  au ap
P -at + u  p-=ax -(1-6)--, ax 

where 6 = 6 ( x ,  t ) .  
By applying (15a) t o  a channel volume element  du =F d x  

Substitution of the values  of 

where 

t ransforms (15b) into 

-U -au + -= -(1 -8) -ap -F .
aH, ax ax G 

In the case  of a heat t r ans fe r  medium with p = p ( t ) ,  we always have 
u ( x ,  t )  = u ( t )  = u ( f ); for  gases  Chis will be accepted as an assumption. Then 

au au aP F-+ -= - ( I - E ) - - - .
dH, dx ax G 

By definition, the d rag  coefficient is 

s o  s ince  

we obtain 

6-a p  
d Xk ( H , ,  X )  = --. ( 1 7 4  

p uv2 

In  the above equation, &, P. p and u are functions of Ho and X .  Substituting 
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dPthe value of 8 - f rom (17a) in  (16) we obtain 
dX 

du-+ -=du dP F u 
dH,  d X  dX G 2 E' 

The  solution of (18) is analogous to that of (5). Fo r  the region H,<X<X,, 
the Cauchy problem [ H ,  = 0: u =9,(w) j  is 

By analogy, for  the region X 4H,< a, the Cauchy problem [ X  =0; u =$l(Ho)]  
is 

X E ( L /  +0, y)dY + $1 (Ho- X ) .  (20) 

In (19) and ( Z O ) ,  a = H , - X .  
F r o m  ( Z O ) ,  by applying the generalized theorem on the mean value and 

by integrating from 0 to X =X ,  =[Id. we obtain 

where $ l ( H o - x k ) = u ( H o - x X b , O )  i s  the entry velocity a t  the moment 
H ,  -X,;  P ( H o ,X , )  i s  the p r e s s u r e  a t  the channel end a t  the moment H,; 
p ( H , - X , , O )  is the p r e s s u r e  a t  the entry,  at the moment H o - X k  ( X ,  
being the t ime of passage of a par t ic le  through the whole channel); d ( H o )= 
= G ( X + H , - X , )  i s  the mean flow r a t e  during a t ime interval  [ H o - X k , H o ] ;-
u (H,) = u (x+ Ho- X,,X) is the mean integral  velocity over  the length 10, X,] 
averaged over  the t ime interval  [ H o - X k , H o ] ,  since 0 , < X < X .  

F r o m  equation ( Z l ) ,  we der ive an expression f o r  the mean (over  the 
length) d r a g  coefficient S(H,)  =5(x+H,-X,, .%) averaged over the t ime 
interval  [H,-X,, H,]: 

For  s teady flow a t  -du 
= 0,we obtain f rom (18)

dH0 
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We shal l  show below that (21a) is t ransformed into (21b) if a l l  the te r ins  
in (21a) a r e  t ime  independent. Equation (21a) shows that the d rag  
coefficient f o r  the unsteady flow region X 4 Ho < m may be calculated 
relatively easi ly  f rom the experimental  data. The  difference between the 
experiment and the steady-state case  i s  that the s a m e  t e r m s  must  be 
recorded as a function of t ime. 

For  the region of unsteady flow HOGX < X k ,  i. e . ,  for  the channel c r o s s  
section X .=X ,  not yet reached by the par t ic les  which a t  the moment Hu= 0 
a r e  a t  the c r o s s  section X = 0, we m a y  u s e  the mean s teady value of 5 f o r  
the section [ X - H o , X , l ,  andequat ion(2la)  f o r  [ O , X - H o I .  

It is t rue  that by analogy with (21a), we may der ive from (19) the 
following expression for  H o 4  X 4 X , :  

where 0 4io This  is the value of the drag coefficient averaged over4H,. 
the time 10, H,] and the length [ X - H , , X ] :  i t  is, however, practically 
impossible to determine i t s  value from experimental  data. 

Let u s  mention that a t  high flow velocit ies,  the conditions corresponding 
to H o  <X 4X ,  change very quickly, and conditions corresponding to X Ho M 

a r e  established. Under the conditions of H , < X  4 X , ,  the t e r m  dPlay (and 
hence f )  may change i t s  sign, and the u s e  of the generalized theorem of 
the mean value in deriving (19a) and (19)is not valid. 

In the c a s e  of unsteady flow of an incompressible  liquid ( p  = const. ), 
the solution of (18) becomes much s imple r  as  the flow velocity depends only 
on the t ime, and i s  constant over the channel length; hence aula* = 0. In 
this  c a s e  for  instance, equation (18) is valid and, without assuming u ( x , t ) =  
= u ( t )  = z(t) ,  it takes the form 

Integrating the above equation over the channel length from 0 to X =X ,  = -,
d 

we obtain 

F
* ( H o )  X ~ = - - [ P ( H 0 , X , ) - P ( H o , 0 ) ] - & ( H o , X ) d X .  (18b)

dHo G ( H d  

However, since the mean (over  the length) coefficient of friction is 
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we obtain f r o m  (18b) 

If the velocity changes l inear ly  with t ime, o r  if the change is fa i r ly  slow 
with r e spec t  to the t ime taken by a par t ic le  to pas s  through the channel, we 
have 

in which c a s e  equation (21c) a s s u m e s  the form 

It is e a s y  to see that the above is the p a r t i c d a r  form of equation ( 2 l a )  for  
the c a s e  of an incompressible  liquid. 

1 

Let u s  wri te  (21c) in t e r m s  of the var iables  t , x .  Since Ho= 
d a 

X : x ,  and -=____-- * -&(') , we obtain(HO) 
d dHo a dt u ( t )  

on, since G = p u F  and p and F a r e  constants,  w e  have 

If r(f) is known, the hydraulic p r e s s u r e  lo s ses  a r e  determined f rom (21f):  

f ( t , O ) - P ( f , f . ) = ~ ( f ) - - - + - -G ( f )L dG(t) L 
2 p F  d dt F 

In c a s e s  where m a s s  fo rces  have a marked effect on the hydraulic losses ,  
these may  be taken into account in the solution without much difficulty. 

In these cases ,  the right-hand t e rm in equation (18) should be 
-+ Fd 4 

complemented by the t e r m  F x  -G '  where F x  is the projection of the m a s s  

fo rces  vector  on the X axis. The  solution of (18 )  with consideration of. .  -+ 

the above t e r m  gives rise to additional t e r m s ,  namely Fxav(Ho)2 Fd in 
-+ G F n )ii (Ho) 

equations (21a), (21c), and (21d): Fxav2 Fd i n  (21b); Fxav(t)2Fd in  (21e);
Gu 

X G (4u ( t )  
-+ * 1 

and [-Fxa,(t)L] in (21g). In these t e r m s ,  Fxav= - s F x d X .  
xo 
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L. I. Kudryashev and A. A. Smirnov 

ACCOUNTING FOR THE E F F E C T  O F  THERMAL 
UNSTEADY STATE O N  THE COEFFICIENT O F  
CONVECTIVE HEAT TRANSFER DURING F L O W -
ROUND SPHERICAL BODIES AT SMALL REYNOLDS 
NUMBERS 

Nusse l t  / 11 showed that in the c a s e  of ve ry  s m a l l  Reynolds numbers ,  
the heat t r ans fe r  problem could be t ransformed into a problem of the 
s teady-s ta te  t he rma l  conductivity through a sphe re  of infinite rad ius ,  i. e . ,  
the problem is reduced to the solution of the following differential  equation: 

where  

In the above equations, tr is the maximum tempera tu re  considered in the 
problem, t ,  is the tempera ture  'of the surrounding medium, and r,, is the 
r ad ius  of the sphere.  

Under boundary conditions 

t - t ,
r1=  1. BIZ tw-t* - - I *  

the solution of equation (1) is 

1e = - .  (3)
r1 

The  heat t r ans fe r  coefficient is determined f r o m  the condition 

where 
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F r o m  equations (3) and (4), we obtain 

Nu,, = 1. ( 5) 

Kudryashev 1 2 1  has  derived the following solution fo r  the case  of heat 
t r ans fe r  on a sphere,  a t  sma l l  Reynolds numbers: 

Nu -2 -/- 0.388(RePr)Oe5, ( 6) 

i n  which the d iameter  of the sphere  i s  taken a s  the decisive cri terion. 
In this paper,  w e  shall  p resent  a genera l  method for  the solution of the 

prescr ibed  problem, which was used to derive equations fo r  the determina
tion of the coefficient of convective heat t r ans fe r ,  taking into account the 
effect of the thermal  unsteady state.  Equations (1) and ( 2 )  a r e  par t icular  
c a s e s  of these genera l  equations. 

Under the conditions of rapid unsteady heat t r ans fe r  processes ,  solutions 
(1) and (2 )  a r e  only approximate, since they do not take into account the 
effect of the thermal  unsteady s ta te  on the heat t r ans fe r  coefficient. 

The  boundary problem of the heat t r ans fe r  on a spherical  body, taking 
into account the thermal  unsteady s ta te  i s  reduced to the solution of the 
following differential equation: 

for the boundary conditions 

r l =  1, 8 = 81y(Fo), 
r l =  m, 6 - 0 .  

The  solution of (7)  for a simplified boundary condition (8), namely rl= I ,  
6=ttV= 1 , i s  easi ly  obtained by classical  methods, and has the form 

By differentiating (9) with r e spec t  to r l ,  and assuming that rl = 1, weobtnin 

Substitution of (10) in (4) yields 

NU,. = I + -1 
fii%. 

The  above solution indicates that even in the most  s imple  case  (constant 
w a l l  t empera ture) ,  the thermal  unsteady s ta te  has  a marked  effect, and 
solution (11) approximates the c l a s s i ca l  solution of Nusse l t  (1) only a t  ve ry  
l a rge  values of Fo. 
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I t  should be mentioned that i t  is difficult to solve the problem i f  boundary 
condition (8a) is retained in the general  form. 

Hence, we sha l l  suggest h e r e  a simplified approach to an approximate 
solution of sufficient accuracy. The  approach is based on the use of 
integral  re la t ions (of the Karman  type) for  the solution of the problem. 

Indeed, by assuming 6 r l = u ,  equation (7) would be t ransformed to 

du d2u-e_

d F o  dr: ' 

By introducing the var iable  y,=r,-l we t r ans fo rm equation (12 )  to 

By multiplying the two t e r m s  of (13) by dy and integrating from 0 to 6 ,  
we obtain the integral  relation 

Fodd ( 6 1 ( u d I l ) = - o  ("")
0 

d 7 1  1,=0 , 

where 

Y1al=- ;  6 
I1 = 

r0 61 

T h e  unknown t empera tu re  profile is represented by a polynomial 

In o r d e r  to determine the coefficients in the polynomial, we shal l  u s e  
the following apparent conditions: 

11 = 0, u U U , ( F O ) ,  

-q1= 1 ,  u = 0, -	du = 0. 
41 

By satisfying conditions (16), we obtain f r o m  (15) 

By substi tuting (17) in (14), we obtain the following differential  equation 
with r e spec t  to 61: 
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Integrating the above equation, and taking into account the fact  that a t  
Fo = 0 we have &JI=0, we obtain 

where  

and from (17) we obtain 

Equation (21 )  together with (19) gives  a n  approximate solution of the 
problem. 

B y  differentiating (21 )  with r e spec t  to y and assuming that r ,  =1,  weobtain 

By substituting (22)  in (4)  and taking into account (19), we find that 

In the par t icu lar  c a s e  of O W =  1, equation (23)  a s s u m e s  the fo rm 

1NU,,= I +__ 
m o .  

A comparison of (24 )  with (11) indicates a sat isfactory agreement  
between the exact and approximate solutions. 

We now analyze the m o r e  genera l  problem of the effect of the the rma l  
unsteady s t a t e  when convective heat t r ans fe r  takes  place; this  is defined 
approximately by  the following differential equation: 

d e + P e , W , , - - = - + - a 8  a26 2 - *  a 6  
a Fo asl ar: r1 arl 

where  

In the above equation 

26 1 
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The  velocity profile would be represented  by  

w, 3 .-= - - s in$(2~ , -q : ) .w, 2 

Substitution of (27) in (26) gives  

The  equation 

m a y  be  wri t ten as 

The  solution of (29) is to be  found in the fo rm of a sum 

u =u1 +UP, 

where 

In this case, equation (29) is divided into two equations: 

An approximate solution of equation (32) is given by (23). 
The  differential equation (33)  m a y  be replaced by the following integral  

relation: 

The  unknown tenzperature profile is presented in the fo rm of a polynomial, 
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The  coefficients in the above polynomial are determined f rom the 
following conditions: 

By satisfying the above conditions, we obtain 

Substitution of (37) and (28) in (34) yields  the following differential 
equation 

Integration yields  

Hence, an approximate solution of equation (33) would be 

where 8; is determined f rom equation (39). 
Thus,  the genera l  solution of equation (25) could be wri t ten as 

By differentiating equation (41) with r e spec t  to  y1 and assuming r l =  1, 
we obtain 

By substituting (42) in (4) and taking into account (19) and (39), w e  obtain 
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T h e  average value of &I,, over  the whole su r face  of the sphe re  i s  
determined f r o m  the expression 

where 

rl = 1 sin*. 

By substi tuting the value of (43) in the above expression,  and making the 
necessa ry  calculations,  w e  obtain 

By using the notation 

(Nu,,),,= 1 +0.304 , (45) 

w e  m a y  wri te  equation (44) a s  

F o r  the mos t  s imple case  of a constant wall t empera tu re  equation, (46) 
is t ransformed into 

By taking the diameter  of the sphe re  as the determining pa rame te r  in 
equation (45), we obtain 

(Nu,&,= 2 +0.43(Re (48) 

A comparison of equations (48) and (2 )  shows that the solution method 
used in this paper  leads to a sca t te r  of the resu l t s  not exceeding 10%. 

C o n  c 1u s  i o n s  

1) O u r  investigation shows that t he rma l  unsteady s ta te  is of g rea t  
importance in determining the coefficient of convective heat t ransfer  under 
the conditions of the prescr ibed problem. 
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2) Equation (47) gives  in an explicit form the effect of changes in the Fo 
number during the process  on the heat t r ans fe r  coefficient. The  solutions 
of Nussel t  and Kudryashev are par t icu lar  c a s e s  of equation (47). 
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I. S. Kochenov and Yu. N. Kuznetsov 

UNSTEADY FLOW IN TUBES 

At present  i t  is a common assumption that during unsteady flow in tubes 
and var ious channels, the changes in the fr ic t ional  coefficient are quasi-
steady, i. e.,  that the well-known Poiseui l le ,  Blasius ,  and other  laws a r e  
valid / 1-31 .  Al l  prac t ica l  calculations of unsteady flows are  based on the 
above assumption. 

Attempts  have been made to  check this  assumption experimental ly  / 4- 61. 
Because of the g rea t  s ca t t e r  of experimental  points (apparent ly  due to e r r o r s  
in the experimental  technique and in the analysis  of the experimental  data), 
and the sma l l  flow accelerat ions achieved (low degree of "unsteady state"), i t  
was  impossible  to der ive any definite re la t ionships;  however, i t  m a y  be 
s ta ted that differences probably do exis t  between the fr ic t ional  coefficient 
in  unsteady and quasisteady processes .  

Since 1960,  we have ca r r i ed  out experimental  and theoret ical  investiga
tions on unsteady flow in tubes in o r d e r  to der ive  equations fo r  the 
fr ic t ional  coefficient under conditions of unsteady flow / 71. 

We now analyze the unsteady flow of a fluid in a r igid tube of constant 
The  flow equation fo r  the above casec r o s s  section. 

is t ransformed into a form containing values  averaged over  the channel 
c r o s s  section: 

In  the above equation, 

1 Qp= - J p d F .  w( t )= - -F =-i judF,F 
F 

$ d F  =$uxdF,  

and x is the per imeter .  

A s  is evident f rom equation (2), the p r e s s u r e  drop 
I, 


of three  components which are known (according to their  physical meaning) 

266 



as the iner t ia l  dropApi,, the f r ic t ion drop d p f r ,  and the drop caused by the 
rear rangement  of the velocity profileAppr: 

A P = A P i n + A P f r +  A ~ p r  ( 3) 

avThe  iner t ia l  p re s su re  drop A p i n = p - A x  can b e  calculated accura te ly  i f  
ai 

the flow r a t e  Q(I ) ,  i. e . ,  the mean flow velocity, is known. I t  is important  
to note that this t e r m  contains no averaging coefficient. In the case  of 
flows under accelerat ion,  the iner t ia  t e r m  Bpi, i nc reases  the total p r e s s u r e  
drop, while in  the case of decelerat ing flows (when b p i , <  0 ) ,  the iner t ia l  
t e r m  reduces  the total drop. C a s e s  are possible  of iner t ia l  flow with a 
constant and increas ing  p r e s s u r e  A p  4 0 over  the length. In such c a s e s  

- A P i n >  A P f r  + A PP" 

It is convenient to present  the p r e s s u r e  drop caused by fr ic t ion on the 

channel 1,dXdx)in theDarcy  form,  as used in engineering 
X I  %

prac t ice  in  the case  of s teady flows: 

F o r  tubes of c i r cu la r  c r o s s  section, condition (4)is simplified to 

The  coefficient of unsteady fr ic t ion res i s tance  h ,  defined by (4) and (6), 
is ident ical  with the fr ic t ional  coefficient under steady- s ta te  conditions. In 
the case  of unsteady flow, i t  depends a l so  on the time and on the var ious 
dimensionless  numbers  descr ibing the flow as a function of time. 

We sha l l  show below that the unsteady fr ic t ional  coefficient m a y  a t  
cer ta in  moments  a s sume  a value of z e r o  or even negative values over  given 
time intervals .  

T h i s  leads  to  the conclusion that the unsteady fr ic t ion r e s i s t ance  
coefficient is not d i rec t ly  re la ted  to the dissipation ( the dissipation always 
being positive). 

In s teady flow a t  w = 0, the s t r e s s  on the wal ls  a l s o  equals  zero.  In 
unsteady flows changing the i r  direction, the fact  that the mean flow velocity 
w = 0 does not indicate that local  velocities a l s o  equal zero .  A tangential 
f r ic t ional  s t r e s s  m a y  thus ex is t  on the wal l  ( T ~ #0) a t  w = 0. In that case,  
according to  definition ( f rom (4) and (6)), the f r ic t ional  coefficient becomes 
infinite. * A discontinuity in  A. occur s  when w passes  through zero.  In this  

6 4 VIndeed, the friction resistance coefficient - approaches infinity even in the case of steady flow when 
WD 

the velocity w approaches zero. 
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par t icu lar  case,  the use of A a s  determined f rom (4) has some formal  
inadequacies. In genera l ,  however, the presentation of A in the Darcy  form 
is fa i r ly  convenient. 

A p res su re  drop caused by the rear rangement  of the velocity profile 
X* 

App,= p d  J g d x = p w 2 l F l ( t )  -/3z(f)j,: occurs  inbothunsteadyand steadyflows, but 
X. 

only a t  the entrance of the channel. In the sect ion with s teady flow over  the 
aPlength, we have -=0 and Apprassumes  a value of ze ro ,  although a r e -
a x  

ar rangement  of the profile occurs  with time. 
Thus,  in the case  of unsteady flow of an incompressible  liquid in a 

stabilized section (the en t ry  section has  different lengths fo r  s teady and 
unsteady flows), we obtain 

The  unsteady friction res i s tance  coefficient A in the case  of laminar  flow 
may be determined f rom the analytical solution for the velocity profile: 

(8) 

F o r  the experimental  determination of A in unsteady turbulent flows over  
the stabilized section (and for the experimental  checking of the theoret ical  
values of A in laminar  flow), i t  is sufficient to know (i.e . ,  to m e a s u r e  
experimentally) the flow r a t e  Q ( t )  and the p re s su re  drop &(t) a s  functions 
of time. Then, f r o m  ( 7 ) ,  

a( t )=- 2 0  Ap dw . (9)
rut( p l  d t )  

The  determination of the p re s su re  drop in the en t ry  section in the cases  
of both s teady and unsteady flows r equ i r e s  a knowledge of the coefficients 
A and $ . F o r  the i r  experimental  determination, it is not enough to m e a s u r e  
the p r e s s u r e  drop alone, but in addition, e i ther  the velocity profile o r  the 
frictional s t r e s s  on the w a l l r w  (x ,  I )  mus t  be measured,  which involves 
considerable  technical difficulty. 

Moreover ,  in engineering pract ice ,  i t  is inconvenient to use two var iable  
coefficients. Thus,  we suggest, r a the r  than distinguishing between Apf, 
and A p p r r  making use of their  sum by introducing a local overal l  coefficient 
fo r  the friction res i s tance  and the rear rangement  of the velocity profile A x :  

An analysis  of the flow equation (2) and equations (7) and (10) shows that 
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T h e  hydraulic r e s i s t ance  in  the en t ry  section is expres sed  b y  the above 
equations, by analogy with (7).  

It is evident that f o r  the experimental  determination of hr,  i t  is not 
n e c e s s a r y  to m e a s u r e  the velocity field and the fr ic t ional  s t r e s s  on the wall. 

dpIt is enough to  m e a s u r e  the p r e s s u r e  gradient - (x , t )  a t  a known (measured)
ax 

flow rate. I t  is evident that the local overa l l  coefficient depends on the 
en t ry  conditions. 

For  each  given entry,  w e  m a y  find tne m e a n  overall coefficient %:  

X -	 1ax= - hz dx .  
0 

T h e  equation f o r  the calculation of the p r e s s u r e  d rop  Ap is in  th i s  case 
in  i t s  s imples t  fo rm,  analogous with equation (7 ) .  

The laws governing the changes in  the fr ic t ion r e s i s t ance  coefficient h 
fo r  s teady  flow must ,  naturally,  compr i se  as a par t icu lar  c a s e  the laws of 
s teady  flow. Thus ,  w e  sha l l  desc r ibe  the unsteady fr ic t ion r e s i s t ance  
coefficient A as a product: 

h= Ai;$, (13 )  

where  A s h  is the r e s i s t ance  coefficient under quasisteady conditions for the 
same value of the Reynolds number  that cha rac t e r i zes  the unsteady flow a t  
a given moment  ( fo r  a l amina r  stabil ized s t r e a m  in a c i r cu la r  tube, we have 
h = 64/Re),  and A i s  the equivalent unsteady fr ic t ion r e s i s t ance  coefficient, 
which is t o  be  investigated. 

I t  is e s sen t i a l  to  note that the thus-defined equivalent coefficient A i s  
independent of the Reynolds number.  

T h i s  sha l l  b e  proved b y  using l amina r  flow within the stabil ized section 
of a c i r cu la r  tube as an  example.  In that case the exact Navier-Stokes 
equation is 

and i n  a case in  which the  law of changes * dx is p resc r ibed  while the flow r a t e  

Q ( t )  is to  b e  determined, th i s  equation is conveniently wr i t ten  in  terms of 
dimensionless  numbers  

-+ K , U = 8 + - + - -dU 1 dUd" 
d Fo dRZ R d R  * 

where  
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Po = t is the dimensioness  time; (16) 
ro 

K,= 
' p  
-is a cr i te r ion  of the unsteady (17)- dFo s ta te  (dimensionless  variable).

dx 

By introducing u instead of (I in equation (8), we der ive  an expression 
f o r  the equivalent unsteady fr ic t ion r e s i s t ance  coefficient: 

where  
I 

o= 2 J URdR. (19)
0 

Equations (15), (18), and (19) show that A depends only on Kp and F o  and, 
in par t icu lar ,  that i t  is independent of the Reynolds number.  In cases in 

which we p resc r ibe  a ce r t a in  definite mode of var ia t ion of 9with time,
d x  

i. e . ,  if we p resc r ibe  

then A would depend on a function of one var iab le  alone, A=cp(Fo). It  is 
interest ing to  note that the above function is not affected by the constant c 
in (20). 

In  c a s e s  in which the flow r a t e  Q ( t )  r a the r  than the p r e s s u r e  drop is 
prescr ibed  in place of K,, we s imi l a r ly  introduce a cr i te r ion  for  the 
unsteady s t a t e  with r e spec t  to the re la t ive  changes in the flow r a t e  (o r  the 
Reynolds numb e r): 

1 dRe d I n R e&=--=-. 
R e d F o  dFo 

W e  sha l l  show that in some cases ,  the equivalent unsteady fr ic t ion 
res i s tance  coefficient m a y  markedly  differ f rom unity. 

The  s imples t  (and apparent ly  the mos t  convincing) proof is to use as 
an example the case of laminar  flow with a numer ica l  o r  analytical solution 
of the Navier-Stokes equation. Gromeka  / 81 solved the above equation 
(i. e . ,  determined u = u ( r .  t ) )  for  a c a s e  i n  which the p r e s s u r e  gradient is an  
a r b i t r a r y  but prescr ibed  function of time. Unfortunately, these solutions 
have not been extended to the calculation and analysis  of the unsteady 
fr ic t ion r e s i s t ance  coefficient . 

We have der ived a solution fo r  the case of prescr ibed  flow r a t e  Q = Q  ( t )  
and unknown p r e s s u r e  drop. 

T h e  two solutions ( for  prescr ibed  -dP and prescr ibed  Q )  have been
dx 

writ ten in t e r m s  of dimensionless  numbers  and worked out into equations 
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for  the calculation and the digital computation of the r e fe r r ed  coefficient 
of friction. 

The  dependence of the r e fe r r ed  coefficient A on Up a t  var ious pa rame te r s  
of dimensionless  t ime F o  is shown in  the f igure fo r  the case  of a l inear  
i nc rease  in the flow r a t e  with time. As  is evident f rom the figure, in the 
considered range  of var ia t ion (of the variables) the value of A m a y  reach  
seve ra l  tens  or even hundreds. 

F o r  some  flows, we obtained regions with negative o r  z e r o  values of 
the equivalent coefficient A. For A with a value of z e r o  a t  a given moment,  

the velocity profile is such that =O;  in the case of negative values 
ar r=rw du

of A, the above der ivat ive is positive (usual ly  - < O )  since there  ex is t s  a 
ar 

s t r e a m n e a r  the wall in a direct ion opposite to the main flow (near  the wall 
u<O). In such a case,  the f r ic t ion on the wall does not r e t a r d  the ma in 
s t r eam,  but favors  i t s  motion in the direction of the main flow. 

0 a5 10 i5 20 2,s 30 3s lgKo 

Dependence of the equivalent coefficient A on K q ,  at 
different Eo 

l - F o b l o - ' ;  2-3.16.10-*; 3-10-'; 4-3.16 .lo-'; 
5-10-'; 6-3.16. 7-10-4. 

According to  the r e su l t s  of theoret ical  calculations of laminar  f lows,  
the equivalent coefficient A is l a r g e r  than unity in accelerat ing,  and sma l l e r  
than unity in decelerat ing flows. However, the experimental  data  below 
show that the above conclusion is valid only in the case of flows with a 
sma l l  o r  monotonously changing (with time) second derivative of the flow rate .  

T h e  experimental  study of the equivalent unsteady fr ic t ion res i s tance  
coefficient A involves considerable  difficulties, s ince the measur ing  devices 
and ins t ruments  used mus t  have vir tual ly  no lag. Moreover ,  the selected 
method of processing the experimental  data  demands a high degree of 
experimental  accuracy: f i rs t ly ,  because the investigation is based on only 
a fract ion (which as a ru l e  does not exceed 50%) of the measu red  total 
p r e s s u r e  drop, and the en t i re  experimental  e r r o r  is compr ised  in it; and 
secondly, because the process ing  of the data  fo r  the calculation &pin 
r equ i r e s  use of the der ivat ive dwldt, and the e r r o r  of differentiation is thus 
comprised Tn the resul t .  
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The  exper iments  were  c a r r i e d  out on two experimental  setups,  using 
water  and oil as the working media. A cer ta in  reproducible  mode of 
var ia t ion of the flow rate witht ime (Q=f ( t )) was obtained with the a id  of 
spec ia l  f low-rate  governors .  The  flow r a t e s  were  measu red  with an 
electromagnet ic  flowmeter, based on the ERI-25 flowmeter. 

The  p r e s s u r e  grad ien ts  (drops)  w e r e  measu red  a t  t h ree  consecutive 
sect ions of a c i r cu la r  tube 0.007 m in  d iameter ,  in  the region of s tabi l ized 
flow ( this  is confirmed by the fact that the measu red  p r e s s u r e  drops  
had the same value with an  accuracy  of * 3 700). 

The  measu remen t s  were  made  with the DIF 1-M induction senso r  and 
the ID-21 auxi l iary apparatus ,  with which i t  was  possible  to m e a s u r e  
p r e s s u r e  drops  of 20,000n/m2 with an accuracy  of up to  0.570. 

The  data  f r o m  the p r e s s u r e  drop  s e n s o r s  and the electromagnet ic  flow-
m e t e r  were  recorded  with a loop oscillograph. The  duration of each  
experiment  was  about one second. Before each series of exper iments  under 
unsteady-flow conditions, we cal ibrated the equipment and recorded  the 
s teady hydraulic cha rac t e r i s t i c s  of the sect ions,  which roughly sat isf ied 
the Blas ius  law (on the average,  the measu red  r e s i s t ance  was 3 %  higher  
than the value corresponding to  the Blas ius  law). The  experiments  were  
c a r r i e d  out a t  Reynolds numbers  f r o m  l o4  to  lo5. The  values  of KP ranged 
f rom 5 to 100 (corresponding to flow acce lera t ions  up to 200m/sec2) .  

In the experiments ,  we obtained values  of A that differed markedly  f rom 
unity (by several units), as well as negative values  of A .  

Exper iments  with turbulent flows, as well as spec ia l  calculations of 
laminar  flows, showed that A depends both on the f i r s t  and the second 
logari thmic der ivat ives  of the flow r a t e  with r e spec t  to  time. 

In addition to  the above experiments  on the unsteady fr ic t ion coefficient, 
we a l s o  ca r r i ed  out experiments  on the local  r e s i s t ance  to  unsteady flow; 
in  these experiments ,  we a l s o  obtained va lues  of the equivalent unsteady 
fr ic t ion r e s i s t ance  coefficient which differed markedly  f rom unity. 

Thus,  the theoret ical  and experimental  s tudies  show that the value of 
the hydraulic f r ic t ion res i s tance  coefficient under well-defined unsteady-
flow conditions differs  markedly  f rom the quasis teady value, and that this  
difference mus t  be  accounted f o r  in  the calculation p rocesses  which change 
rapidly with time. 
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